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Polar dinosaurs, which were adapted to the cold and dark, 

may have outlived their relatives from warmer climates.

Telling reasonable risks from foolsÕ chances.

Can sustainable development save the Amazon?

A tick in time: the most precise clocks ever.
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Risk Analysis and Management
M. Granger Morgan

Viral Quasispecies
Manfred Eigen

AustraliaÕs Polar Dinosaurs
Patricia Vickers-Rich and Thomas Hewitt Rich

We who live in industrial societies are justly concerned about risk. Hazards as
diverse as AIDS, asbestos in schools and contamination of food and water threat-
en life and health. As individuals, we daily juggle the chances we take traveling,
eating, smoking, drinking and encountering pathogens. Fortunately, powerful
analytic techniques exist that allow policymakers to assess risk. 

The extreme mutability and adaptability of viruses wreaks havoc with the classi-
cal notion of species. But where traditional taxonomy has failed, mathematics
may succeed. The author has developed a statistical classiÞcation scheme that
provides insights into the evolution of the inßuenza virus and the age and origin
of HIV, suggesting new strategies for combating viral diseases, including AIDS.

AustraliaÕs ability to produce varieties of animals that can be found nowhere else
began at least 100 million years ago, when the continent was one with Antarctica.
At that time, it hosted a population of warm-blooded dinosaurs that had evolved in
the cool climate and dark winters of the polar regions. Their adaptations may have
enabled them to survive longer than others in the frigid late Cretaceous period.
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A spring-driven watch will get you to the church on time. A cesium clock that los-
es no more than a second in one million years can time the millisecond ßashes of
a pulsar. Yet ever more exacting scientiÞc and navigational requirements demand
even more accurate timepieces. Incredibly, such devices can be madeÑfrom iso-
lated ions suspended in a vacuum and fountains of atoms cooled by lasers.

Accurate Measurement of Time
Wayne M. Itano and Norman F. Ramsey

Surgical Treatment of Cardiac Arrhythmias
Alden H. Harken

A number of heart attack survivors later experience an electrical short circuit
that leads to an erratic, rapid heartbeat and sudden death. Because a courageous
banker allowed the author and his colleagues to attempt an untried operation in
1978, the lives of most susceptible patients can now be prolonged. The pathway
of the aberrant impulses is identiÞed and surgically interrupted.
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Edwin Hubble and the Expanding Universe
Donald E. Osterbrock, Joel A. Gwinn and Ronald S. Brashear

The discovery that the universe is expanding did for the 20th century what the idea
of the heliocentric solar system did for the Renaissance. Although others contribut-
ed to the concept, the athletic Rhodes scholar from Missouri made the construction
of the universe uniquely his own topic and set the agenda of modern cosmology.

The vast rain forest cradles a rich, complex community of plants and animals.
Some humans have lived as part of this web of life for thousands of years. But
others, driven by poverty or by entrepreneurial passion, threaten its existence.
Marguerite Holloway traveled widely with scientists who are seeking to reconcile
the need for economic development with preservation of the irreplaceable ecology.

DEPARTMENTS

50 and 100 Years Ago
1943: How long does it take
to cure vitamin B deÞciency?

120

101

110

114

20 10

12

5

Letters to the Editors
Going around about black holes....
Finding ßaws before bridges fall.

Science and the Citizen

Science and Business
Book Review
A historianÕs shortsighted
vision for the 21st century.

Essay: Ralph Gomory
and Hirsh Cohen

How the bottom line can
guide the funding of science.

Mathematical Recreations
A seamstress grapples with
the topology of garments.

Are the Rio initiatives losing momen-
tum?.. . Magnifying astronomersÕ res-
olution. . . . Supercomputer proof. . . .
Kamikaze satellite. . . . A kinder drug
policy. . . . Regenerating hearing. . . .
PROFILE: Howard Hughes Medical 
Institute chairman Irving S. Shapiro.

Humanizing monoclonal antibod-
ies. . . . Acoustic ÒdisplaysÓ for com-
puters. . . . Spin assay. . . . Flagging
British technology. . . . Fractals take
on image compression. . . . THE ANA-
LYTICAL ECONOMIST: Will Òmanaged
competitionÓ improve health care?

TRENDS IN ENVIRONMENTAL SCIENCE

Sustaining the Amazon
Marguerite Holloway, staÝ writer

Fuzzy Logic
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Too much precision can be a bad thing. An air conditioner that keeps a room at 
68 degrees Fahrenheit may make some people uncomfortable. A coÝeemaker may
produce brew that gives some imbibers the jimjams. But fuzzy programs for cam-
corders and washing machines enable them to do the job the way you want it done.
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THE COVER painting shows Allosaurus

hunting by the southern lights in southeast-
ern Australia more than 100 million years
ago, when the region fell within the Antarc-
tic Circle. This specimen is one of the small-
est allosaurs, and certainly the latest surviv-
ing, yet discovered. It may have owed its
longevity to adaptations to cold and dark-
nessÑthe very factors thought to have driv-
en the dinosaurs to extinction some 65 mil-
lion years ago (see ÒAustraliaÕs Polar Dino-
saurs,Ó by Patricia Vickers-Rich and Thomas
Hewitt Rich, page 50).
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LETTERS TO THE EDITORS

More Black Hole Paradoxes

I enjoyed ÒBlack Holes and the Cen-
trifugal Force Paradox,Ó by Marek Ar-
tur Abramowicz [SCIENTIFIC AMERICAN,
March], very much but was left some-
what puzzled. As we all know, centrifu-
gal force is a Þctitious force that ap-
pears to exist when a reference frame
is rotated. For example, when a car turns
a corner, unrestrained passengers tend
to continue to move along a straight tan-
gential line, in keeping with NewtonÕs
Þrst law. Could the explanation of the
paradox be made in terms of real cen-
tripetal forces?

STANLEY R. DRAKE

Shawnee, Kan.

The author writes that two astronauts
inside a tube surrounding a black hole
Òknow that the axis of the tube is circu-
lar because Bob has measured the cur-
vature of the walls . . . using straight rul-
ers.Ó Is this not impossible, since lineari-
ty is deÞned by the path of light? Would
not the ruler be unable to measure any
curvature because there is no curvature
along the axis of the tube?

RALF PHILIPP

Student, grade 9
Hackley School
Tarrytown, N.Y.

On page 79, the author states that Òin
any space-time, with or without a grav-

itational field, light always moves along
geodesics, and therefore it always traces
the geometry of space-time. In a space
warped by a gravitational Þeld, how-
ever, the light rays are curved and in
general do not coincide with geodesicsÓ

(emphasis added). Is it left to the read-
er to choose?

GASTON FISCHER

Observatoire Cantonal
Neuchatel, Switzerland

Every so often you publish an article
that reminds me of why I subscribe. The
subject matter of AbramowiczÕs article
is fascinating, but what is particularly
pleasing is that it is one of the best-
written scientiÞc articles IÕve ever read.
Frankly, it reads like a Borges short story.

DAVID N. SCHWARTZ

London, England

Abramowicz replies:
Astronomers study rotating stars by

looking at the rotating reference frame.
They consider both the gravitational
and centrifugal forces acting on the stel-
lar material because the introduction of
those Þctitious forces makes the prob-
lem much easier. My discussion could
have been in terms of free-falling frames
and centripetal forces, but that would
have obscured the subject.

One can tell whether two identical rul-
ers are straight without referring to the
path of light as the standard. The meth-
od is used by professional draftsmen:
they simply lay the rulers beside one
another. If the left and right sides of
each ruler match, they are straight. Of
course, the straight rulers will not ap-
pear as straight in a curved space!

Perhaps an analogy will explain why
light trajectories are geodesics in four-
dimensional space-time but generally
not in three-dimensional space. Each
great circle on a globe is a geodesic line
on the two-dimensional surface, yet, be-
ing a circle, it is not a geodesic line in the
three-dimensional Euclidean space in
which the globe rests.

Inspecting Bridges

In ÒWhy AmericaÕs Bridges Are Crum-
blingÓ [SCIENTIFIC AMERICAN, March],
Kenneth F. Dunker and Basile G. Rab-
bat state that ÒThe Silver Bridge disas-
ter [at Point Pleasant, W.Va., in 1967]
happened in part because of poor in-
spection by local authorities.Ó I am sur-
prised to see that statement in Scientif-

ic American because there is not the
slightest factual basis for it.

I was closely associated with the in-
vestigation of the collapse, beginning in
January 1968 when I identiÞed the frac-
ture in eyebar 330 as the cause. As a
metallurgical study by the National Bu-
reau of Standards showed, the eyebar
had fractured suddenly because of a
stress corrosion crack less than one
eighth of an inch deep that had started
on the surface of the hole in the eye. The
hole was almost completely Þlled by the
pin that coupled successive links in the
eyebar chain. The end of the pin and the
hole in the eye were also covered by a
plate that prevented visual inspection.

At the time of the collapse of the Point
Pleasant bridge, an identical bridge was
in service a few miles upstream. Natu-

rally, there was great interest in deter-
mining whether its eyebars could be in-
spected. The best brains in the non-
destructive inspection Þeld concluded
unanimously that it could not be done.
Consequently, the bridge was removed.

JOHN A. BENNETT

Bethesda, Md.

Dunker and Rabbat reply:
We thank Bennett for his clariÞcation.

Ironically, lax inspection noted at the
time of the Silver Bridge collapse helped
to trigger a massive federal bridge in-
spection program, and yet state-of-the-
art nondestructive testing would not
have detected the hidden defect.

X-cluded from Credit

Regarding ÒSpot Marks the X,Ó by
John Rennie [ÒScience and the Citizen,Ó
SCIENTIFIC AMERICAN, April], concern-
ing the putative role of the Xist gene in
mammalian X chromosome inactivation,
I wish to make the following clariÞca-
tions. First, the human Xist gene was
discovered during my postdoctoral fel-
lowship at the International Institute of
Genetics and Biophysics in Naples, Ita-
ly, and subsequently characterized in a
collaboration with Huntington F. Wil-
lardÕs group and mine. Second, the mur-
ine Xist gene was discovered indepen-
dently and reported simultaneously by
Sohaila RastanÕs group and mine.

ANDREA BALLABIO
Institute for Molecular Genetics
Baylor College of Medicine

Because of the volume of mail, letters

to the editor cannot be acknowledged.

Letters selected for publication may be
edited for length and clarity.
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ERRATA

The photograph on page 101 of
ÒHow Parasitic Wasps Find Their
HostsÓ [March] shows a potter wasp,
which carries prey to its young, and
not, as suggested, a parasitic wasp.

On page 130 of ÒDNAÕs New
TwistsÓ [March], reference is made
to the Òlinkage of methyl groups to
cysteine.Ó The DNA base in question
is actually cytosine.

^
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50 AND 100 YEARS AGO

JULY 1943

ÒExperiments during the last eight
years have led to the conclusion that
atoms of gasÑoxygen, hydrogen, or ni-
trogenÑactually dissolve in the crys-
talline structure of some metals just as
salt dissolves in water. These gas parti-
cles then ÔloosenÕ the electrons in this
structure, causing them to be emitted
from the metal more readily when heat
is applied. ÔThis explanation,Õ Dr. Har-
vey C. Rentschler recently told a meet-
ing of the American Physical Society,
Ôshould result in longer-lasting tubes
and accomplish important savings in
the size and number of electric bat-
teries, generators, and other apparatus
needed to supply the Þlament power.Õ Ó

ÒHaving acquired a vitamin-B deÞ-
ciency, after several weeks, does it take
a person the same length of time to re-
cover from it? Generalizations are dan-
gerous but, by and large, the neurologi-
cal and mental recovery is likely to be
rapid; recovery from tissue changes, if
any, probably much slower. A general
idea of the former is imparted by lan-
guage used in Nutrition Reviews with
regard to deÞciencies in thiamin (vita-
min B1): ÔThere is a vast amount of evi-
dence,Õ that journal states, Ôthat the ad-
ministration of thiamin to an animal
acutely deÞcient in thiamin causes a dra-
matic and prompt remission of the neu-
rologic signs within minutes, and com-
plete recovery within a few hours.Õ Ó

ÒIf, as appears to be probable, vege-
tation exists on Mars, life has developed
on two out of the three planets in our
system where it has any chance to do
so. With this as a guide, it appears now
to be probable that the whole number
of inhabited worlds within the Galaxy
is considerable. To think of thousands,
or even more, now appears far more
reasonable than to suppose that our
planet alone is the abode of life and
reason. What the forms of life might be
on these many worlds is a question be-
fore which even the most speculative
mind may quail. Imagination, in the ab-
sence of more knowledge of the nature
of life than we now possess, is unequal
to the task. There is no reason, however,
against supposing that, under favorable
conditions, organisms may have evolved
which equal or surpass man in reason
and knowledge of NatureÑand, let us

hope, in harmony among themselves!
ÑHenry Norris Russell.Ó

JULY 1893

ÒA very interesting new mammal has
recently been received at the British Mu-
seum in the form of a Þsh-eating rat
from the mountain streams of Central
Peru. The animal is about the size of a
common house rat, but has a ßattened
head, strong and numerous whisker
bristles, and very small eyes and ears.
The chief interest of the new form cen-
ters in the fact of its being wholly a
Þsh-eater, and in its having in connec-
tion therewith its incisor teeth modiÞed

for catching a slippery, active prey by
the development of their outer corners
into long sharp points, and its intestines
altered by the reduction almost to nil

of its c¾cum, an organ in vegetarian
Murid¾ always of great size and capac-
ity. There is no other rodent which, as
in the case of Ichthyomys stolzmanni,

as it is proposed to name the new form,
wholly lives on Þsh, to the exclusion of
a vegetable diet.Ó

ÒIt may be of interest to amateur ri-
ßemen to know the following simple
method for ascertaining the eÝect of
gravity on a bullet: Sight the riße upon
the target, keeping the sights plumb
above the center line of the bore of the
riße. Mark where the ball strikes. Then
reverse the riße, so as to have the sights
exactly beneath the line of bore. In this
reversed position sight it on the target
as before, and mark where the bullet
strikes. Divide the diÝerence in eleva-
tion of the two bullet marks by 32 and
extract the square root. This will give
the time in seconds that it took the ball
to travel the distance. The distance di-
vided by this time will give the speed
of the bullet per second.ÑJ.A.G., Grand

Rapids, Mich.Ó

ÒThe Tell-el-Amarna tablets, 320 in
number, were discovered by a fellah wo-
man in 1887 among the ruins of the
palace of Amenophis IV, known as Khu-
en-Aten, about 180 miles south of Cai-
ro. They have been found to contain a
political correspondence of the very
greatest interest, dating from some
3,370 years back. Many are from Pales-
tine, written by princes of the Amor-
ites, Phenicians, Philistines, etc., the bur-
den of almost all being: ÔSend, I pray
thee, chariots and men to keep the city
of the King, my Lord.Õ Among the ene-
mies against whom help is thus in-
voked are the Abiri, easily recognized
as the Hebrews. The date Þxes that of
the Bible (I. Kings vi. 1) as accurate.Ó 

ÒThe wonderful Ômerry-go-roundÕ de-
signed by Engineer George W. G. Ferris,
of Pittsburgh, Pa., is now completed at
the Columbian Exposition in Chicago.
This curious piece of mechanism forms
a most remarkable and attractive ob-
ject (left). It carries thirty-six pendulum
cars, each seating forty passengers; thus
one revolution of the wheel carries 1,440
people to a height of 250 feet in the air.ÓThe great Ferris wheel

Copyright 1993 Scientific American, Inc.



The Big Nada?
Inaction may stiße
the UNCED agreements

T
he United Nations Conference on
Environment and Development
(UNCED) held in Rio de Janeiro

last June was full of sound and fury.
What exactly it signiÞed remains to be
seen. The treaties that were signed have
not yet been implemented. Money that
was pledged has not been forthcoming.
And the group that was established to
enforce Agenda 21, a 40-chapter credo
for sustainable development, has not
cut its teeth.

Nevertheless, many observers and for-
mer participants say it is too early to
be disappointed. The Earth Summit Òdid
not revolutionize anything. But it is a
process. We are in a very large river, and
its current does not change direction
easily,Ó comments Susan R. Fletcher, 
an expert on international environment 
at the Congressional Research Service,

which provides data and analysis to leg-
islators. ÒThe major problem is that we
are almost inured to rhetoric. We have
heard so much about doing these things
without actually doing them.Ó

The UNCED conference, which was
attended by delegates and diplomats
from some 178 countries as well as by
thousands of nongovernmental organi-
zations (NGOs), resulted in the creation
of a seemingly strong global political
will and the endorsement of several im-
portant policy documents. Along with
Agenda 21, they include the Rio Declara-
tion (a list of environmental and devel-
opment concerns that ensures national
sovereignty) and a statement about pro-
tecting forests.

In addition, two conventionsÑone to
prevent climatic change and one to con-
serve biodiversityÑwere signed by most
countries. ÒYou would still be negoti-
ating these conventions today unless
you had the driving force of UNCED,Ó
Fletcher observes. But following signa-
tures with money and muscle is another
matter. The two conventions do not be-

come binding until they have been rati-
Þed: 50 nations must approve the cli-
mate treaty, 30 the biodiversity treaty.
As of May, only 17 countries had rati-
Þed each. And if the pacts take eÝect
but are not rigorously monitored or en-
forced, they will become paper tigers,
like the vast majority of international
environmental agreements. 

Lack of enforcement could also weak-
en Agenda 21. Last fall the U.N. set up
a 53-member Commission on Sustain-
able Development to oversee eÝorts to
implement the plan. But the commission
has a small staÝ and no legal power. It
is expected to work much as the U.N.
Commission on Human Rights does, by
using publicity and international opin-
ion to exert moral pressure. ÒThere is
no precedent for a group within the U.N.
having the kind of clout that the Com-
mission on Sustainable Development
must have,Ó notes Barbara J. Bramble,
director of international programs at
the National Wildlife Federation. ÒOn
the other hand, the U.N. is doing a lot
of unprecedented things.Ó

SCIENCE AND THE CITIZEN
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NONGOVERNMENTAL ORGANIZATIONS, groups representing
special interests such as communities or businesses, attended
the 1992 UNCED conference in Rio de Janeiro in force. Their

pervasive presence at the meeting and ongoing inßuence on
international environmental issues have been regarded as one
of the most positive aspects of the Earth Summit.
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At this early stage, the aspect of the
ßedgling commission that appears to
please environmentalists and develop-
ment experts the most is the inclusion
of NGOs. So far some 700 organizations
have asked the commission for accred-
itation, although NGO members such as
Bramble say fewer than 100 will proba-
bly be able to maintain a presence at the
U.N. A vote of one third of the members
can serve to exclude an NGOÑa diÛ-
culty for groups from developing coun-
tries, where some governments have
tried to quell dissenting voices.

Despite potential muzzling, NGO ac-
tivity is perceived as one of the Earth
SummitÕs successful outcomes. ÒIt is
quite a victory that the rules for NGO
participation are modeled on the Rio
conferenceÕs rules,Ó explains Hillary F.
French, senior researcher at the World-
watch Institute. Whether the organiza-
tions can maintain this international con-
tact and diplomatic clout depends, in
large part, on funding. 

Of course, the entire enterprise of
achieving the goals of the Earth Summit
hinges jointly on national will and wheth-
er money can be made available to the
appropriate governments, agencies and
projects. Beyond the problem of getting
countries to contribute 0.7 percent of
their gross national product to the U.N.,
as Agenda 21 stipulates, lies the matter
of how those funds should be used.
Many developing nations Òdo need more
moneyÑforeign debt is a real burden,Ó
one observer remarks. ÒBut these coun-
tries do not have a priority for sustain-
able development. Money going in now
would go into business as usual.Ó

Many environmentalists believe there
is plenty of money around and that it
is just being used incorrectly. ÒIf you
were doing a better job with what you
had, you would need a lot less,Ó notes
Ian A. Bowles, legislative director of Con-
servation International. With regard to
protecting biodiversity, for example, he
argues, Òwe donÕt need a radically big-
ger amount of money. We just need to
have it programmed right.Ó

Funding is at the center of debates
about the future of the Global Environ-
ment Facility (GEF). The GEF was es-
tablished before the Earth Summit to
channel funds for projects in four ar-
easÑpreventing climatic change as
well as protecting biodiversity, oceans
and the ozone layerÑthat could serve
as models for sustainable develop-
ment. Under the joint administration
of the World Bank, the U.N. Environ-
ment Program and the U.N. Develop-
ment Program, the fundÕs pilot pro-
gram is in the process of distributing
$1.3 billion by December.

At that time, the future of the GEF will

be reviewed. Many organizations argue
that its projects are too big and uncre-
ative and that an alternative fund should
be instituted. In addition, these groups
contend that the GEFÕs association with
the World Bank ensures environmental
insensitivity. The bank has been sharply
criticized for the environmental dam-
age caused by projects it has support-
ed. ÒWe think the GEF should be inde-
pendent,Ó says Elizabeth Barratt-Brown,
a senior attorney at the Natural Resourc-
es Defense Council. ÒThere has been a
lot of greening in the language of the
World Bank. But what is really chang-
ing in the funding?Ó

Other organizations, such as Conser-
vation International, believe the GEF
should remain aÛliated with the bank
and serve as a lever to inßuence change
there. ÒIt is an inherently long-term
proposition, but all these things are
continually advancing. The U.N. and
the World Bank have been around for-
ever, so it is hard to reform suddenly,Ó
Bowles points out.

One notable change since the Earth
Summit involves the U.S.Õs position on
the environment. During his tenure,
President George Bush refused to sign
the convention on biodiversity in Rio
and was unwilling to meet the goals of
the climate convention to lower carbon
emissions, which contribute to global
warming, to 1990 levels by the year
2000. During his Earth Day address
this past spring, however, President Bill
Clinton emphasized his willingness to
meet the targets for carbon emissions.

Clinton also announced his intention
to sign the convention on biodiversity,
with the addition of what is called an
interpretive statement. Because worries
about U.S. intellectual property rights
had deterred Bush from supporting the
treaty, the new administration sought
to confront the issue by clarifying as-
pects of the conventionÑa procedure
that is common to many treaties. The
interpretive statement allows Òthe U.S.
to get a common statement that both
businesses and environmentalists could
live with,Ó Bowles notes. ÒRatiÞcation
depends on getting the wording right
in the statement.Ó

Such changes in national policy seem
to be rare. Some communities and coun-
tries, notably the Philippines, have tried
to establish local and national sustain-
ability. But in general, Òwe have seen a
return to business as usual around the
world,Ó says Jacob Scherr, a senior staÝ
attorney at the Natural Resources De-
fense Council. ÒThese international trea-
tises demand an enormous amount of
attention and energy and should not be
a diversion from needed eÝorts on the
ground.Ó ÑMarguerite Holloway
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Moonball
Astronomers beat a path
to high resolution

H
arold A. McAlister of Georgia
State University is an astrono-
mer, but he frequently Þnds

himself talking baseball when he de-
scribes his work. ÒIf you built a stadium
on the moon, you couldnÕt even see it
from the earth through the best optical
telescopes,Ó he begins. But McAlister is
championing a technique called optical
interferometry that would allow earth-
bound fans to watch the game. ÒWith
our array, you could see whoÕs pitching.Ó

By bringing together beams of star-
light captured by two or more widely
separated telescopes, McAlister and his
colleagues can achieve the equivalent
resolving power of a single instrument
as large as the distance between the
telescopes. When the beams are com-
bined, the light waves interfere with one
another. Where the peak of one light
wave meets the peak of another, they
reinforce each other; where the peak of
one wave meets the trough of another,
they cancel out.

An electronic detector records the re-
sulting pattern of dark and light areas,
or interference fringes, which can then
be analyzed by computer to extract de-
tailed information about the object be-
ing observed. If at least three telescopes
are used, the fringes can be rendered
into images hundreds of times crisper
than even those from the orbiting Hub-

ble Space TelescopeÑat perhaps one
hundredth the cost.

Many of the most impressive results
reported so far have come from the
Mark III Optical Interferometer on Mount
Wilson in California, which has been op-
erating since 1986. The Mark III consists
of two mobile light collectors that can
be placed as far as 31 meters apart.
The longer the distance between the in-
dividual telescopes, the greater the in-
strumentÕs resolving power. At full ex-
tension, the Mark III can pick out details
as small as two thousandths of an arc
second, about 100,000 times better than
the human eye can. 

The Mark III can measure the outlines
of astronomical objects, but, alas, it can-
not make true images. Nevertheless, it
has proved the importance of the con-
cept. Last year Nicholas M. Elias and his
colleagues at the U.S. Naval Observato-
ry made a stunning measurement of a
shell of gas blasting away from Nova
Cygni 1992, a brilliant thermonuclear
detonation that occurred on the sur-
face of a collapsed white dwarf star.
Elias found that 10 days after the ex-
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plosion the shell stretched to 3.8 thou-
sandths of an arc second (the full moon,
in comparison, is 1,800 arc seconds in
diameter). Observations of Nova CygniÕs
spectrum revealed the velocity of the
ßeeing gas. Combining those data with
the Mark III measurement enabled Eli-
asÕs group to determine that the nova is
about 9,500 light-years from the earth.

Other Þndings from the Mark III have
illuminated the shape and structure of
stars. Stars are so distant in comparison
to their diameters that astronomers have
always considered them as unresolvable
point sources of light. But optical inter-
ferometers can resolve the disks of many
stars and reveal features on their sur-
faces. Michael Shao of the Jet Propul-
sion Laboratory in Pasadena, Calif., es-
timates that the Mark III has already re-
solved about 200 stellar disks. 

One surprising result of observations
done on the Mark III and elsewhere is the
discovery that Òstars are not round,Ó says
Richard S. Simon of the Naval Research
Laboratory. Many red giant stars, includ-
ing the bright star Betelgeuse and the
well-known variable star Mira, exhibit pe-
culiar egglike shapes, presumably be-
cause of the huge convection currents

roiling their Þlmy outer layers. A team
led by Simon has also reported detect-
ing a huge cocoon of hydrogen gas sur-
rounding the hot, highly active blue star
Gamma Cassiopeia. Related work has re-
vealed clouds of titanium oxide billow-
ing oÝ red giantsÕ distended surfaces.

Future optical interferometers prom-
ise to push the technology and yield
even grander results. A group at the Uni-
versity of Sydney led by John Davis is
busily completing a 640-meter-long op-
tical array that will be able to measure
stellar diameters as small as 50 mil-
lionths of an arc second (some 40 times
better than the Mark III and about 1,000
times smaller than the Þnest details
visible to the Hubble Space Telescope).

ÒOne of our key goals will be measur-
ing the pulsations of Cepheids,Ó Davis
relates. Cepheids are a class of pulsat-
ing stars whose regular variations in
brightness have been used by cosmolo-
gists to establish the distances to re-
mote galaxies. Davis hopes to correlate
direct measurements of Cepheid pulsa-
tions with spectroscopic observations
of how fast their surfaces rise and fall.
In much the way that Elias inferred the
distance to Nova Cygni, Davis and his

colleagues will use their information to
derive distances to CepheidsÑand thus
help calibrate the size of the universe.

The most exciting results will come
from interferometers that link multiple
telescopes and thereby deliver the long-
elusive goal of creating true images.
Craig Mackay of the University of Cam-
bridge expects that the universityÕs 100-
meter-long interferometer, known as
COAST, will begin producing such im-
ages later this year. The instrument ini-
tially will target familiar objects such
as red giants and tightly bound binary
stars Òto make sure weÕre not totally
oÝ base,Ó Mackay says cheerily. Then he
hopes to train COAST on T Tauri stars,
stellar newborns still enshrouded with
disks of gas and dust. Resolving details
around T Tauris will vastly increase as-
tronomersÕ understanding of the pro-
cess by which stars and planets form.

The Naval Observatory and Naval Re-
search Laboratory are constructing a
similar but larger imaging optical inter-
ferometer, the Big Optical Array, which
will begin operation sometime in the
fall. McAlisterÕs planned Center for High
Angular Resolution Astronomy array
will incorporate seven large, 100-centi-

22 SCIENTIFIC AMERICAN July 1993

Banzai!

enerally, old satellites don’t die; they just fade away.
Yet there are exceptions. This past spring the Japa-
nese Institute of Space and Astronautical Science

( ISAS) decided to send its Hitin satellite into oblivion not
with a whimper but a bang. Rather than flinging the aging
spacecraft into the nether reaches of the galaxy, ISAS pi-
loted it straight into the moon. On April 10, when the 315-
pound probe crashed at roughly 5,600 miles per hour, it
exploded in a bright flash, throwing up dust and digging
out a crater that astronomers hope will serve as a new
benchmark for planetary science.

Hakan Svedhem, a physicist with the European Space
Agency, heard rumors of ISAS’s plans two weeks before
the execution date and scrambled to persuade astrono-
mers to train their telescopes on the moon that night. “It
was a great opportunity to observe from the ground a re-
ally giant impact as it happens. This has not been done be-
fore,” Svedhem says.

Three observatories around the world signed on. But as
the kamikaze satellite plunged toward its fiery demise,
the telescope in Irkutsk was jammed up with technical dif-
ficulties, and another in Indonesia was rained out. The last
hope was David Allen, an astronomer at the Anglo-Aus-
tralian Observatory who has a reputation for making diffi-
cult observations. “If anybody could get this shot, David
could,” says Alistair Glasse of the Royal Observatory in Ed-
inburgh. But because of miscommunication about the time
of impact, Allen was unwittingly running behind schedule. 

Just seconds before the collision, Allen got the cameras
rolling on the observatory’s infrared imaging spectrometer
and recorded half a dozen frames as the flash lit up the lu-

nar night. The intensity of the burst and the apparent lack
of a sizable dust cloud make Glasse suspect that Hitin hit
solid rock, converting nearly all its kinetic energy to heat
and light. Svedhem points out, however, that because
ground zero lay about 10 kilometers within the Cimmeri-
an side of the terminator between night and day, a large
dust cloud could easily have been cloaked in darkness.

The deceased was born Muses-A, a small craft designed
to help Japanese astronavigators hone their lunar swing-
by skills in preparation for a joint mission with the Nation-
al Aeronautics and Space Administration. Christened Hitin
(a goddess of music) after its launch on January 24, 1990,
the satellite surpassed its one-year life expectancy and af-
ter a second year in high earth orbit was sent to wheel
round the moon. While it was en route, Svedhem used the
instrument to collect data on cosmic dust.

Hitin’s grand finale was not intended to benefit science.
ISAS officials gave only vague explanations for their deci-
sion—“something about leaving fragments for their great-
grandchildren to find,” Svedhem reports. But the satellite
may yet attain martyrdom by providing a rare controlled
experiment for planetary scientists. “The correlation be-
tween the size and velocity of a meteorite and the size of the
crater it creates is based on theoretical calculations and has
never been verified by observations,” Svedhem explains. “In
this case, we had a very well defined mass and velocity. But
of course we cannot see the crater yet; it is quite small.”

Svedhem hopes Hitin’s successor will pay a visit to the
grave site and send back images of the crater. Meanwhile
he and Glasse will glean all they can from their pictures of
the day the Muses died. —W. Wayt Gibbs
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meter telescopes and will be sensitive
to infrared radiationÑa capability that
reduces atmospheric distortion and im-
proves sensitivity to cool objects such
as dust-cloaked infant stars. 

Perhaps the most audacious devices
on the drawing boards are the interfer-
ometry arrays proposed to be built late
in this decade around two of the largest
telescopes in the world: the pair of Keck
telescopes on Mauna Kea in Hawaii and
the European Southern ObservatoryÕs
Very Large Telescope in Chile. These de-
vices will scrutinize the disks around
young stars, explore the tortured inner

regions of active galaxies and search
for planets orbiting other stars. Shao
estimates that even the extremely am-
bitious Keck array will have a price tag
of $40 millionÑa hefty sum, but only
about half the cost of each of the prima-
ry Keck telescopes and a tenth the cost
of a single ßight of the space shuttle.

Such funds are not immediately forth-
coming, however. A cloud of penury
hangs over the Þeld of optical inter-
ferometry. Part of the problem lies in
skepticism within the scientiÞc com-
munity. ÒAstronomers tend to be a con-
servative group. A lot of people consid-

er interferometry to be black magic,Ó
McAlister sighs. Shao hopes the newest
set of devices, including his current
project, a test-bed for the Keck array,
Òwill be able to convince lots of conven-
tional astronomers that interferometry
is a tool that will be useful for them.Ó

Of course, the astronomers are not
the only ones who need convincing, as
McAlister knows only too well. He anx-
iously awaits approval of the next dol-
lop of funds from the National Science
Foundation. ÒItÕs contingent on the fed-
eral budget,Ó he says. ÒThat is always
risky business.Ó ÑCorey S. Powell
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QED for QCD
A supercomputer backs
the theory of quarks

I
tÕs a good thing machines donÕt get
overtime. Researchers at the IBM
Thomas J. Watson Research Center

have recently completed a set of calcu-
lations on a supercomputer that ran
continuously for approximately an en-
tire year. More than an exercise in pa-
tience, the task may have provided the
strongest conÞrmation yet of a current
theory of elementary particles. In partic-
ular, the IBM team calculated the masses
of eight hadrons, a family of particles
that includes the proton and neutron,
and showed that the values obtained are
consistent with the masses measured in
the laboratory.

The theory of quantum chromody-
namics, or QCD for short, was postulat-
ed in the 1970s to describe how the
fundamental particle known as the
quark builds the various hadrons. Two
ÒupÓ quarks and a ÒdownÓ quark, for ex-
ample, create a proton. A so-called chro-
moelectric Þeld (based on a property of
quarks called color) holds the quarks
together; the chromoelectric Þeld is car-
ried by particles called gluons. The QCD
theory was highly successful in enunci-
ating the properties of hadrons in cer-
tain kinds of experiments and became
part of the so-called Standard Model,
which unites all the forces of nature ex-
cept for gravity.

Although experiments can supply data
for hadronsÑone can simply look up
the mass of the proton in reference
booksÑa correct theory should be able
to predict such information. Deriving ob-
served values via analytic means would
greatly substantiate the model. Besides
giving physicists conÞdence they have
the right ideas, such derivations suggest
that quantum parameters that cannot
be detected experimentally can be ac-
curately inferred. ÒWe would like to get

hadron masses to very good accuracy
to help us look at QCD,Ó says W. Doug-
las Toussaint, a physicist at the Uni-
versity of Arizona. ÒIt would enable us
to compute properties that are useful
for extracting fundamental constants,
such as quark masses.Ó

But the theoryÕs mathematical com-
plexity has made such predictions al-
most impossible. Perturbation theory,
the main tool of quantum Þeld physics,
proved inappropriate for a complete des-
cription of QCD. It applied only to a lim-
ited part of the model. Instead investi-
gators turned to numerical methods on
computer, based on lattice gauge theo-
ry, a mathematical framework erected
20 years ago by Kenneth G. Wilson, now
at Ohio State University. The lattice re-
fers to the representation of space as a
scaÝold, on which quarks rest on con-
necting sites. The bonds between lattice
points represent the gluons. 

To secure answers representative of
the real world, workers must conduct the
calculations as the distance between lat-

tice points shrinks to zero and the num-
ber of lattice points increases to inÞni-
ty. In these limits, one should be able to
come up with observable quantities. In-
deed, researchers have used lattice QCD
to explain quark conÞnement, which ac-
counts for why no one can see any free
quarks: it would take an inÞnite amount
of energy to isolate a quark.

Coming up with the masses of had-
rons has proved even more elusive. ÒThe
calculations require that you look at 
all possible diÝerent conÞgurations of
quarks, antiquarks and the chromoelec-
tric Þeld on the lattice,Ó says Donald H.
Weingarten, who headed the IBM team.
For meaningful results, large lattices are
necessary, and that entails more involved
calculationsÑmore than 100 million bil-
lion arithmetic operations.

Hence the need for a supercomputer.
Weingarten and his IBM colleagues Frank
Butler, Hong Chen, Jim Sexton and Ales-
sandro Vaccarino turned to GF-11, a
massively parallel computer they helped
to develop for QCD calculations. The

QUARK CALCULATOR Donald H. Weingarten poses with the supercomputer he
and his IBM colleagues used to compute the masses of subnuclear particles, there-
by providing conÞrmation that the theory of quantum chromodynamics is correct.
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nomenclature refers to the maximum
speed of the calculations: 11 gigaßops,
where a ßop is a ßoating decimal point
operation per second. To obtain the had-
ron masses, the researchers ran the GF-
11 for more than a year at a sustained
rate of between Þve and seven gigaßops.
That is roughly equivalent to running
more than 200,000 desktop computers
that use 386 processors.

The result after a yearlong wait? ÒSta-
tistically, the numbers for the hadron
masses are completely consistent with
experiment,Ó Weingarten says. The dis-
agreement for some values ranged from
less than 1 percent to no more than 6
percent. The uncertainties are for the
most part by-products of the statistical
algorithm used in the computer calcu-
lations and are not reßections of QCD.
In other words, QCD seems to be the
right theory.

Despite their success, WeingartenÕs
calculations rely on a simpliÞcation of-
ten made to render the mathematics
doable. Called the valence approxima-
tion method, it does not fully take into
account an eÝect that occurs in quan-
tum systemsÑthe spontaneous creation
and destruction of particles. Quantum
ßuctuations can cause quark-antiquark
pairs to ßash into existence and there-
by inßuence the system in some way.
Rather than incorporating the process,
the valence approximation assumes that
such virtual pairs act mainly to reduce
the strength of the existing color Þeld.
The approximation then compensates
for the decrease.

Not everyone thinks the approach is
completely valid. ÒIf you leave out a sig-
niÞcant part of the theory, you donÕt
know what the eÝect will be,Ó maintains
Norman H. Christ, a physicist at Colum-
bia University. Christ is deriving the val-
ues with the full theory, using Colum-
biaÕs supercomputer, the only other ma-
chine dedicated solely to QCD reckon-
ing. But Toussaint estimates that calcu-
lating from the full theory would require
100 times the computer power of cur-
rent machines. 

The approximation does not under-
mine WeingartenÕs conÞdence in his re-
sults. ÒThe agreement between the va-
lence approximation and experiment in a
sense tells you that the full theory must
agree with experiment,Ó he says. 

The physicists do concur on one point:
the calculations support the legitimacy
of employing computers in a proof. ÒThe
sort of thing we are doing represents 
a real qualitative change,Ó Weingarten
muses. What is new is that investigators
accept an ÒexperimentalÓ uncertainty in
studying and testing a theory in funda-
mental physics. ÒItÕs experimental the-
oretical physics.Ó ÑPhilip Yam
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A Kinder War
ÒHarm reductionÓ gains ground
as an approach to drug abuse

D
uring a presidential debate last
October 11, a reporter asked the
candidates whether they would

consider legalizing drugs in order to re-
duce drug-related violence and crime.
Bill Clinton rejected that option. Declar-
ing that the life of his half brother, Rog-
er, had been saved by his arrest for pos-
session of cocaine (Clinton himself had
authorized the arrest), the president-to-
be insisted law enforcement was cru-
cial for combating drug abuse.

Clinton backed up his tough rhetoric
with his Þrst budget. It called for spend-
ing $13 billion in the next Þscal year on
controlling drugs, almost $1 billion more
than the Bush administration earmarked
for the current year. Clinton allocated
64 percent of the funds for antismug-
gling programs and law enforcement
(the balance is for education and treat-
ment), only slightly less than Bush had.

Nevertheless, critics of the so-called
war on drugs are hopeful that the new
administration will be willing to try dif-
ferent tactics. ÒChange is in the air,Ó re-
marks Arnold S. Trebach, a professor of
criminal justice at American University
and president of the Drug Policy Foun-
dation, a nonproÞt group in Washing-
ton, D.C., that espouses an approach to
drugs called Òharm reduction.Ó

The idea behind harm reduction is
that drug abuse should be viewed as, 
at worst, a disease requiring treatment
and not an absolute evil that must be
eradicated at all costs. ÒThe essence is
the acceptance of the enduring reality
of drug use, the absurdity of even at-
tempting to create a drug-free society
and the need to treat drug users and
abusers as basically decent human be-
ings,Ó Trebach says.

Support for this viewpoint is growing
at the international level. In the past
three years, representatives of 15 Euro-
pean provinces and cities, including Zur-
ich, Amsterdam and Rome, have signed
the so-called Frankfurt Resolution, which
calls for easing prohibitions on marijua-
na, free availability of clean needles and
treatment for all who seek it. Trebach
says his foundation, together with the
city of Baltimore, is co-sponsoring a
meeting on the resolution this Novem-
ber. Kurt L. Schmoke, the mayor of Bal-
timore, who has supported harm-reduc-
tion policies, has pledged to sign the res-
olution at the meeting.

The harm-reduction philosophy also
pervaded a conference on drugs held 
in the nationÕs capitol on May 7 and at-

tended by specialists in drugs, among
them law enforcement oÛcials, judg-
es, physicians and social scientists. Al-
though the audience disagreed on how
to reduce the harm caused by illegal
drugsÑthe proposals ranged from rela-
tively modest calls for more treatment
to outright legalization of all drugsÑal-
most all concurred that the war waged
by the Reagan and Bush administrations
had been an expensive failure.

Indeed, the annual federal budget for
drug war activities surged from less than
$2 billion in 1981 to more than $12 bil-
lion for this Þscal year. The Bush admin-
istration alone spent more than $40
billion to suppress illegal drug use over
four years. More than two thirds of the
funds went toward eÝorts to decrease
smuggling and to enforce laws.

Federal and state governments also
instituted more severe penalties for drug
violations, including mandatory senten-
ces for those convicted of possession or
sale of drugs exceeding certain amounts.
Consequently, the number of arrests and
convictions for drug violations soared
to record levels. Drug oÝenders account
for roughly a third of the U.S. prison pop-
ulation, which reached an all-time high
of 883,593 at the end of 1992.

Defenders of strict policies claim their
implementation has reduced the num-
ber of people who dabble in illegal drugs,
marijuana in particular. Surveys done
by the National Institute on Drug Abuse
show that casual drug use has fallen
steadily since 1979. Critics contend the
decreases resulted less from law en-
forcement eÝorts than from a growing
public awareness of the adverse eÝects
of all drugs, legal or illegal. They note
that the use of tobacco and alcohol has
also decreased over the past decade.

Moreover, crime and other problems
related to drug abuse and traÛcking
continue unabated, particularly in poor
urban communities. Overdoses and
medical emergencies caused by cocaine,
heroin and other drugs dropped in 1990
but have risen again since then. The rate
at which intravenous drug users are in-
fected with AIDS continues to grow [see

illustration on page 26 ].
Through his appointmentsÑif not

his rhetoricÑClinton has set the stage
for change. At the May conference in
Washington, Attorney General Janet Re-
no said her experience as state attorney
in Dade County, Florida, a major center
of drug traÛcking, led her to conclude
that antismuggling programs were hav-
ing little impact on the cost or availabili-
ty of drugs. She also complained that
mandatory sentences for nonviolent
drug oÝenders had decreased the prison
space available for incarcerating more
dangerous criminals.

Copyright 1993 Scientific American, Inc.



Reno urged that nonviolent drug of-
fenders be handled with a Òcarrot and
stickÓ approach, in which they can avoid
prison by submitting to a treatment pro-
gram and staying oÝ drugs; urine tests
would ensure compliance. Such a plan
has been carried out in Dade County dur-
ing the past four yearsÑwith great suc-
cess, Reno said. This system has also
been favored by Lee P. Brown, former
commissioner of police in New York
City, whom Clinton named head of the
OÛce of National Drug Control Policy.

Some prominent jurists have pro-
posed more radical measures. One is
Whitman Knapp, a senior federal judge
in New York State (famed for having
led a commission that investigated po-
lice corruption in New York City two
decades ago). Earlier this year Knapp
announced he would refuse to consider
drug cases subject to mandatory sen-
tencing laws. He subsequently argued
that Congress should repeal all federal
laws banning drug sales or possession
and permit states to devise alternatives
to prohibition.

Opponents of such wholesale decrim-
inalization fear any beneÞts would be
oÝset by a tremendous upswing in the
abuse of drugs such as cocaine and
heroin. David F. Musto, a historian at
Yale University, suggests in the 1987
book Dealing with Drugs that in 1900,
before opioids were prohibited in the
U.S., the rate of opioid addiction was at
a level Ònever equaled or exceeded.Ó

Trebach challenges this claim. He ar-
gues that estimates of the number of
addicts varied wildly at the turn of the
century, as do current estimates; the his-
torical evidence can be used to buttress
any conclusion. ÒThe charge that prohi-

bition enforced through the criminal
law has succeeded in reducing the total
number of addicts or the rate of opiate
addiction in the United States cannot
be supported by the evidence at hand,Ó
Trebach states in an upcoming book.

Some opponents of legalization high-
light the beneÞts of Prohibition, the pe-
riod from 1920 to 1933 during which
alcohol was outlawed throughout the
nation. Ethan A. Nadelmann, a public
policy scholar at Princeton University,
acknowledges that consumption of al-
cohol did indeed fall during Prohibition,
as did public drunkenness and cirrho-
sis of the liver. Yet he notes that alcohol-
related problems had decreased even
more sharply during World War I as a
result of alcohol rationing and the tem-
perance movement. Moreover, Britain
was more successful than the U.S. at
reducing alcohol consumption and re-
lated health problems in the 1920s and
1930s through taxes and restrictions
on hours of sale.

On the other hand, at least one re-
cent experiment in decriminalization
was a spectacular failure. Five years ago
oÛcials in Zurich designated a park in
which drugs could be used without in-
terference. Zurich recently ended the
experiment after the park became a ha-
ven for dealers, prostitutes and addicts
from throughout Europe.

Some experts, while ruling out whole-
sale decriminalization, have proposed
partial measures. Mark A. R. Kleiman
of the Kennedy School of Government
at Harvard University suggests a policy
that he calls Ògrudging toleration.Ó It
would allow the sale of certain psycho-
active drugs through state-regulated
stores but would discourage consump-

tion through such measures as steep
taxes and limits on amounts purchased.
Kleiman thinks alcohol, tobacco and
marijuana might all be included under
this regime, but he would exclude drugs
he considers too harmful, notably co-
caine and heroin.

KleimanÕs proposal aside, the drug re-
form movement has been more eÝec-
tive at criticizing current approaches
than at suggesting speciÞc alternatives.
To redress that problem, Nadelmann
has helped form the Princeton Working
Group on the Future of Drug Use and
Alternatives to Drug Prohibition, con-
sisting of experts from Princeton and
other institutions. A primary goal of the
group, Nadelmann says, is to devise a
Òdrug regulatory model that eliminates
many of the worst consequences of
drug prohibition without reproducing
the unfortunate consequences of our
alcohol- and tobacco-control policies.Ó
After all, Nadelmann remarks, alcohol
and tobacco remain by far the most
harmful of all drugs. ÑJohn Horgan
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Healing Hearing
Regrowing damaged ear cells
might eventually cure deafness

I
f your taste for loud music has
forced you to swap your Walkman
for a hearing aid, there is now a

chance that you might someday be able
to switch back. The deafness caused by
loud noise has traditionally been per-
manent. But researchers have recently
found encouraging signs that humans
may have at least a latent ability to re-
generate damaged parts of their inner
ear. Drugs that stimulate that regrowth
could conceivably restore hearing.

ÒTo me, itÕs no longer a question of 
if but of when we will get regeneration
in humans,Ó predicts JeÝrey T. Corwin,
a hearing investigator at the University
of Virginia School of Medicine who has
contributed to the new Þndings. Thom-
as R. Van De Water of Albert Einstein
College of Medicine in Bronx, N.Y.,
agrees: ÒItÕs an exciting time. IÕve been
working 25 years in this Þeld, and all of
a sudden itÕs breaking open.Ó

The focus of their work is the coch-
lea, a periwinkle-shaped organ of the in-
ner ear. When sound waves strike the
eardrum, the vibrations pass into the
ßuid Þlling the cochlea and set in mo-
tion the tiny structures called hair cells
that stimulate the auditory nerve. Un-
fortunately, hair cells are delicate: 120
decibels of Metallica (or Mahler, for that
matter) jolts some hair cells so hard that
they shear oÝ from their foundation.LA

U
R

IE
 G

R
A

C
E

Has Little Impact on Drug-Related Health Problems

SOURCES: Centers for Disease Control (red line), Drug Abuse Warning Network (blue line)

120

110

100

90

80

70

12

11

10

9

8

7
1988                 1989                1990                1991                 1992

DRUG-RELATED EMERGENCIES (QUARTERLY)

I.V. DRUG USERS CONTRACTING AIDS (ANNUAL)

Surge in Federal Funds for the War on Drugs. . .

YEAR
1988                  1989                 1990                  1991                 1992

14
12
10
8
6
4
2
0

B
IL

LI
O

N
S

 O
F

 D
O

LL
A

R
S

T
H

O
U

S
A

N
D

S

T
H

O
U

S
A

N
D

S

Copyright 1993 Scientific American, Inc.



Antibiotics, anticancer drugs and some
diseases, such as meningitis, can also
kill hair cells. If too many are lost, the
ear becomes irreversibly deaf.

Up to a point, hearing aids can some-
times compensate for the lost sensitivi-
ty by amplifying sounds. In recent years,
cochlear implants have become avail-
able; surgeons have inserted about 8,000
of them into deaf patients in the U.S.
These electronic devices allow micro-
phones to stimulate the auditory nerve
directly. They cannot restore normal
hearing, however: at best, and after re-
habilitative therapy, the implants per-
mit patients to recognize sounds.

To some audiologists, a better solu-
tion would be to repair the injured coch-
lea. Yet in humans and other mammals,
years of observation indicated that hair
cells did not regenerate naturally. Oth-
er animals seemed more resilient. More
than a decade ago Corwin began Þnd-
ing evidence that sharks and amphib-
ians grow new hair cells throughout their
lives. Birds, too, can recover from deaf-
ness. ÒNormally, birds donÕt have turn-
over of their hair cells,Ó notes Douglas
A. Cotanche of the Boston University
School of Medicine, a pioneer of the
avian work. ÒBut if you stress them with
noise or drugs, there is trauma, and new
cells regenerate.Ó For whatever reason,
he says, Òthere was this prejudice that
Ômammals are too evolved to do that.Õ Ó

New studies are changing that opin-
ion. This past March in Science, Corwin
and Andrew Forge of University College,
London, and their colleagues claimed to
Þnd regenerating hair cells in the inner
ear of guinea pigs. They had treated the
animals repeatedly with toxic doses of
the antibiotic gentamycin. Within a week,
almost all the hair cells in one region
were gone. Yet a month after the treat-
ments, immature hair cells were visi-
ble. In an accompanying paper, they
described what happened when they
repeated the experiment in culture us-
ing layers of tissue from the inner ears
of guinea pigs and of humans in their
Þfties. When antibiotics eliminated the
hair cells, adjacent supporting cells di-
vided and took their place. The support-
ing cells then diÝerentiated as hair cells.

Skeptics could still argue that these
results were not pertinent to deafness:
CorwinÕs group had worked with hair
cells from the vestibular system, which
confers the sense of balance, and not
from the cochlea. Van De Water and his
graduate student Hinrich Staecker and
a team from the University of Li�ge
cleared that hurdle just six weeks later.
Using cochlear tissue from rat pups
only a few days old, they found that the
hair cells did not spontaneously recov-
er. But they also discovered that exten-

sive regrowth could be encouraged in
less than a week if they exposed the tis-
sue to retinoic acidÑa compound relat-
ed to vitamin A that guides the diÝer-
entiation of many cells during embry-
onic development. Retinoic acid deriva-
tives are now used as wrinkle creams
and treatments for severe acne and have
shown some potential for Þghting can-
cer in recent studies.

Van De Water argues that regenera-
tion of hair cells seems to hinge on two
events: the destruction of the old cells
and the receipt of a chemical stimulus
to spur regrowth by new ones. Mature
mammals may not provide that second
signal eÛciently.

Although he is excited by the new re-
sults, Cotanche points out that Òno one
has ever really studied to see whether a
regenerated hair cell is functional.Ó The
cells must not only grow back but must
also connect to the nerve. Moreover, as
Corwin explains, Òthe hair cells that are
sensitive to diÝerent pitches are slight-
ly diÝerent in their structure.Ó

One of the ÒamazingÓ observations
that have been made, Corwin says, is
that the replacement cells all seem to
develop the appropriate structures and
orientations, apparently in response to
some cues embedded in the tissue en-
vironment. ÒAlso, all our indications are
that the nerve cells can Þnd the new
sensory cells,Ó he adds. Both he and Van
De Water suspect the regenerating hair
cells may be releasing chemicals that
attract neuronal connections. ÒIÕve never
had much concern that they were even-
tually going to hook up,Ó Corwin says.
ÒThey always get hooked up in sharks
and birds.Ó

The workers caution that therapeutic
regeneration of hair cells in humans will
have to wait a while. Even if retinoic acid
does the trick, getting it into the ear
could be a problem. ÒWe donÕt want peo-
ple to take large amounts of vitamin A,
because it can be dangerous,Ó Van De
Water warns. ÒWeÕre trying to develop
unique ways of delivering the drug right
to the inner ear tissue using miniature
osmotic pumps.Ó He says that his labo-
ratory is looking into the possibility of
gene therapy, using viruses that could
insert the genes for growth controls into
cochlear cells. Cotanche wonders, too,
whether immature cells might be im-
planted into the cochleas of deaf adults
and induced to become hair cells. An-
other issue, Van De Water notes, is that
the neurons that become disconnected
from hair cells often die; he and his co-
workers are trying to Þnd out how to
keep them alive until new hair cells have
emerged.

ÒI expect weÕll have some very good
compounds and protocols worked out
for stimulating regeneration within the
next two or three years,Ó Corwin ven-
tures. He, Van De Water and Cotanche
all agree that it will most likely be a de-
cade before an actual therapy is ready
for testing in patients. Ever the optimist,
though, Corwin says, ÒThese discover-
ies over the past year or so have shaved
10 years oÝ our projections.Ó

Ten years is a long time for some deaf
people to wait. ÒI would love to see us
put the cochlear-implant people out of
business,Ó Van De Water remarks. ÒIÕm
sure they would love it also. Right now,
though, the cochlear implant is the only
show in town.Ó ÑJohn Rennie
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EAR CELLS CAN REGENERATE under some conditions, according to Thomas R. Van
De Water (left) and Hinrich Staecker ( right) of Albert Einstein College of Medicine.
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W
hen Irving S. Shapiro turned 65
in 1981, he had completed sev-
en successful years as chair-

man of E. I. du Pont de Nemours &
Company and earned an enviable repu-
tation as an advocate of ethical stan-
dards in commerce. He bought a house
in Florida and was ready to retire to a
quiet life of golf. It was not to be. Sha-
piro, who was trained as a lawyer, says
he Òwas favored with so many oÝers
from law Þrms that I began
to think I was selling my-
self short.Ó He took a part-
nership at a major Þrm and
then pulled oÝ the most
challenging coup of his ca-
reer: turning the troubled
Howard Hughes Medical In-
stitute into the richest re-
search charity in the world.

Founded by the reclusive
billionaire and aviator in
1953 as a tax shelter, the in-
stitute survived both How-
ard Hughes and myriad legal
challenges. But in 1987, just
when the institute seemed 
to have put its aÝairs in or-
der, it was rocked by another
scandal. The wife of its then
president, Donald S. Fred-
rickson, had incurred some
$200,000 in decorating ex-
penses that wound up on
the Hughes books; Fredrick-
son resigned. Then, in 1990,
George W. Thorn, chairman
of the board of trustees, an-
nounced his retirement.

The institute needed a
leader with a ßawless rep-
utation and an uncommon-
ly steady hand. It turned 
to Shapiro, a member of 
its board since 1984. Once
again, he was at the helm of
a multibillion-dollar organization found-
ed on science, a Þeld that by his own
admission he knows little about. ÒI
ducked out of every science class I ever
took!Ó he exclaims mirthfully.

It was ShapiroÕs corporate manage-
ment acumen, not his technical skills,
that was at the root of his most signiÞ-
cant contributions to Hughes Medical.
As a board member, he engineered the
sale of Hughes Aircraft to General Mo-

tors in 1985 for $5.2 billion, thus creat-
ing the largest private philanthropy in
the U.S. with total assets of about $7 bil-
lion. (Shapiro abstained from the Þnal
selection because of his links with the
biddersÑhe sat on the board of one,
Boeing, and the other two, General Mo-
tors and Ford, were major customers
of Du Pont.) But the complex sale was
completed at almost exactly the mar-
ketÕs peak. ÒWe had very good fortune,Ó

Shapiro says with a professionally mod-
est smile. Two years later Shapiro was
instrumental in Þnally resolving a long-
running battle with the Internal Rev-
enue Service.

Now, after nearly three years of Sha-
piroÕs direct leadership, the Hughes
Medical Institute may at last be Þnding
its feet. ÒHe leads the board with skill
and dedication and in Þne style,Ó says
trustee Alexander G. Bearn, an adjunct

professor at the Rockefeller University
and a former vice president of Merck
Sharp & Dohme. ÒItÕs almost like a Qua-
ker meeting. We have quite rigorous
discussions, but we come to a consen-
sus. IÕd say itÕs a very happy board.Ó

The most visible sign of ShapiroÕs sec-
ond career was the dedication in May
of a new $55-million administrative
headquarters and conference center for
Hughes scientists in Chevy Chase, Md.
The institute also spent $281 million
on medical research last year, an eight-
fold increase over the past decade. In

the past few years it has in-
augurated a series of initia-
tives for supporting science
education. Its fellowship pro-
grams now extend to under-
graduates as well as gradu-
ates, and it operates at liberal
arts and traditionally black
colleges as well as at schools
that are primarily scientiÞc.
In addition, the institute has
awarded grants to museums,
health policy studies and 
several biomedical research
groups. Expenditures on sci-
ence education and other
grants last year totaled $51.5
million; in all, the institute
expects to spend $318 mil-
lion this year.

For a biomedical investiga-
tor to receive an appoint-
ment at one of the 53 Hughes
laboratories around the coun-
try is generally considered
the next best thing to a meal
ticket for life. The labora-
tories, which are associated
with major research hospi-
tals, are the instituteÕs main
focus, and the 223 Hughes
investigators working at
them include many of the
top names in biology.

The Hughes approachÑ
giving funds to exceptional

scientists rather than to particular inves-
tigationsÑmeans that most of the work
is fundamental in nature. Genetics and
immunology, as well as cell biology and
structural biology, are the favored areas.
ÒWe get many letters from people inter-
ested in a particular disease, asking,
ÔCan you do something? It will only take
$3 million.Õ I understand their motiva-
tions, but thatÕs not our way of looking
at the world,Ó Shapiro states Þrmly.

PROFILE: IRVING S. SHAPIRO

IRVING S. SHAPIRO has run two major science-based concerns,
although he Òducked out of every science classÓ he took.

ScienceÕs UnscientiÞc Champion
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To judge from the number of im-
portant advances, the formula works.
Since 1990 Hughes investigators have
found the gene that is defective in neu-
roÞbromatosis, elucidated the struc-
ture of the protein that the AIDS vi-
rus uses to enter cells and identiÞed
genes associated with Lou GehrigÕs dis-
ease and HuntingtonÕs disease, to note
just a few examples. Recently Hughes
has extended its support to research-
ers who choose to stay at their own in-
stitutions, broadening its impact still
further.

The business expertise Shapiro now
applies to biomedical research was Þrst
exercised when he was helping out in
his familyÕs clothes-pressing business
in Minnesota during the 1930s. For his
Lithuanian-born Jewish parents, Òit was
tough slogging in terms of money,Ó he
recalls. Shapiro escaped to the Univer-
sity of Minnesota, where he graduat-
ed in 1941 with a bachelor of law de-
gree. He spent the next 10 years in
Washington, D.C., in the criminal divi-
sion of the Justice Department. Shapiro
cites his experience in government as a
source of his sense of corporate re-
sponsibility. ÒFranklin D. Roosevelt was
God to the poor people in those days,Ó
he explains.

When Du Pont hired him in 1951,
Shapiro says he felt obliged to point
out his lack of scientiÞc background.
The companyÕs general counsel replied,
as Shapiro remembers it, that he was
wanted not for his scientiÞc knowledge
but for his expertise in the law of con-
spiracy. During his time at the Justice
Department, Shapiro had made an im-
pression as a whiz in antitrust law. His
experience served Du Pont well. Shapi-
ro distinguished himself by being will-
ing to take calculated risks, but he be-
lieves he was also recognized as a fair
player. He climbed the ladder, becom-
ing a vice president in 1970 and chair-
man and chief executive in 1974.

The appointment caused a sensation,
in part because he was the Þrst lawyer
in the position but more because there
were then few Jews in top-ranking jobs
in corporate America. ÒKingman Brew-
ster [a former president of Yale Univer-
sity and ambassador to the Court of 
St. James] told me he would not have 
been surprised to hear there was a Jew-
ish president of the U.S., but he was
amazed to hear of a Jewish head of a
major U.S. corporation,Ó Shapiro re-
counts amiably. But Du Pont gave him
a warm reception, and he notes with
satisfaction that many prominent Jews
have since told him he opened their
door into the executive suite.

Shapiro understood from the start the
importance of putting resources into re-

search. To compensate for his personal
unfamiliarity with scientiÞc matters, he
designated a member of Du PontÕs exec-
utive committee to keep him informed,
and he soon earned a reputation for
decisive action. At the Þrst sharehold-
ersÕ annual general meeting after he
took charge as chairman, he announced
that the company would be borrowing
to Þnance a $2.5-billion investment in
research and development. ÒIt takes a

fair amount of intellectual discipline to
recognize that R&D is essential to pre-
pare a company for oneÕs successors,Ó
he reßects. ÒAny CEO who is not think-
ing long-term is tempted to cut.Ó

During the same period, he became
an outspoken champion of corporate
social responsibility as a founder of 
the Business Roundtable in 1972. The
roundtable still exists as an associa-
tion of business executives that, accord-
ing to its literature, develops Òpositions
which seek to reßect sound economic
and social principles.Ó Shapiro tried, he
says, to Òcreate the feeling that you have
to be a constructive citizen whatever
your private political beliefs.Ó

He believes the eÝorts have had an
enduring inßuence, especially easing
the almost open warfare in the 1970s
between business and an ÒabsolutistÓ
Environmental Protection Agency. But
Shapiro sees troubling signs of deterio-
ration in that entente cordiale. The Busi-
ness Roundtable, he notes, is less close-
ly identiÞed with government-business
cooperation than it was: ÒIt has slipped
a little bit,Ó he says.

ShapiroÕs message secured him a po-
sition on a government advisory com-
mittee during the Carter years. There
was a price to payÑduring the Reagan
terms, he says, he was twice approached
about working for the executive branch,
once to consult on defense reforms and
once as an adviser on Middle East poli-
tics. But his ties with the Carter admin-
istration apparently proved too much
for the White House. Even though years
earlier he had taken his friend George
Schultz on a tour of Israel and Jordan
(which Shapiro says gave the future
secretary of state Òhis educationÓ about
the region), the job oÝers mysteriously
evaporated. ÒThey blackballed me,Ó he
states matter-of-factly.

His talent was nonetheless sought by
the legal profession. After retiring from

Du Pont, he promptly took a partner-
ship in the Wilmington oÛce of Skad-
den, Arps, Slate, Meagher and Flom, a
powerhouse law Þrm with oÛces in 12
countries. Then, in 1984, he became one
of eight Òprominent citizensÓ appointed
by a Delaware judge as trustees to re-
store the Howard Hughes Medical Insti-
tuteÕs aÝairs to order. Shapiro threw
himself into rebuilding relations with
oÛcialdom. ÒThe Þrst thing we tried to
do was end the running sore with the
IRSÑthat was enough to turn your hair
white,Ó he grimaces.

Shapiro still retains links with Du
Pont and displays his enthusiasm for
industrial research on a wall of his law
oÛce overlooking the Delaware River.
Behind his desk hangs a copy of a paint-
ing of the three Du Pont cousins, great-
grandchildren of the companyÕs founder,
Eleuth�re Ir�n�e du Pont de Nemours,
who bought the company in 1902 and
turned it into a world leader. These days
Shapiro says he is encouraged by the
Clinton administrationÕs stated inten-
tion of implementing a vigorous tech-
nology policy. ÒIndustry has sometimes
not taken research seriously enough,Ó he
muses. ÒThe government might make
mistakes, but I know we also made mis-
takes when I was at Du Pont.Ó

Shapiro now spends four days a week
at Skadden, Arps and one day a week
on Hughes business. But he makes a
point of going to the instituteÕs scien-
tiÞc brieÞngs, even though he does not
follow many of the reports. ÒI go to put
names and faces together,Ó he explains.
ÒThereÕs a great value in letting scien-
tists know who I am.Ó When a research-
er wrote him recently to take exception
to a Hughes policy on intellectual prop-
erty, ÒI called her up and said, ÔLetÕs get
together and talk,Õ Ó he says. ÒYou can
do a lot, assuming good faith.Ó

Indeed, the institute has initiated 
a grants program to fund investiga-
tors in countries such as Mexico, Cana-
da, New Zealand, Australia and Britain.
Shapiro also sees a great opportunity
beckoning in Eastern Europe and the
former Soviet Union, where Ò$10,000
will buy you a lot of science.Ó Plans for
an initiative in those regions are well
advanced.

Impatiently acknowledging a few 
of societyÕs more crushing problems,
Shapiro nonetheless predicts that the
U.S. in the next century will be Òhisto-
ryÕs richest society in quality of life.Ó
He Þnds his personal reward when 
he reads a popular account of some
biomedical discovery and realizes Òone
of our people has really moved the 
ball forward, and itÕs because we sup-
plied the money and picked the right
person.Ó ÑTim Beardsley
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A
mericans live longer and healthi-
er lives today than at any time in
their history. Yet they seem pre-

occupied with risks to health, safety and
the environment. Many advocates, such
as industry representatives promoting
unpopular technology or Environmental
Protection Agency staÝers defending its
regulatory agenda, argue that the public
has a bad sense of perspective. Ameri-
cans, they say, demand that enormous
eÝorts be directed at small but scary-
sounding risks while virtually ignoring
larger, more commonplace ones.

Other evidence, however, suggests that
citizens are eminently sensible about
risks they face. Recent decades have wit-
nessed precipitous drops in the rate and
social acceptability of smoking, wide-
spread shifts toward low-fat, high-Þber
diets, dramatic improvements in auto-
mobile safety and the passage of man-
datory seat belt lawsÑall steps that re-

duce the chance of untimely demise at
little cost.

My experience and that of my col-
leagues indicate that the public can be
very sensible about risk when compa-
nies, regulators and other institutions
give it the opportunity. Laypeople have
diÝerent, broader deÞnitions of risk,
which in important respects can be more
rational than the narrow ones used by
experts. Furthermore, risk management
is, fundamentally, a question of values.
In a democratic society, there is no ac-
ceptable way to make these choices
without involving the citizens who will
be aÝected by them. 

The public agenda is already crowd-
ed with unresolved issues of certain or
potential hazards such as AIDS, asbes-
tos in schools and contaminants in food
and drinking water. Meanwhile scien-
tiÞc and social developments are bring-
ing new problemsÑglobal warming, ge-
netic engineering and othersÑto the
fore. To meet the challenge that these
issues pose, risk analysts and manag-
ers will have to change their agenda for
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Risk Analysis
and Management
Inadequate approaches to handling risks 
may result in bad policy. Fortunately, 

rational techniques for assessment now exist

by M. Granger Morgan

AIR DISASTER in Madrid claimed 183
lives in November 1983. The (small)
chance of dying in an air crash is one of
the prices that society agrees to pay for
rapid, convenient global transportation.
Some risks, including nuclear power gen-
eration, have caused fewer deaths but pro-
voked greater calls for regulation, whereas
others, such as automobiles, cause more
deaths but arouse less concern.

M. GRANGER MORGAN has worked for
many years to improve techniques for
analyzing and managing risks to health,
safety and the environment. Morgan
heads the department of engineering and
public policy at Carnegie Mellon Universi-
ty. He also holds appointments in the de-
partment of electrical and computer en-
gineering and at the H. John Heinz III
School of Public Policy and Management.
Morgan received a B.A. from Harvard
University, an M.S. from Cornell Univer-
sity and a Ph.D. in applied physics from
the University of California, San Diego.
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evaluating dangers to the general wel-
fare; they will also have to adopt new
communication styles and learn from
the populace rather than simply trying
to force information on it.

W
hile public trust in risk manage-
ment has declined, ironically
the discipline of risk analysis

has matured. It is now possible to ex-
amine potential hazards in a rigorous,
quantitative fashion and thus to give
people and their representatives facts
on which to base essential personal and
political decisions. 

Risk analysts start by dividing haz-
ards into two parts: exposure and eÝect.
Exposure studies look at the ways in
which a person (or, say, an ecosystem
or a piece of art) might be subjected to
change; eÝects studies examine what
may happen once that exposure has
manifested itself. Investigating the risks
of lead for inner-city children, for ex-
ample, might start with exposure stud-
ies to learn how old, ßaking house paint
releases lead into the environment and

how children build up the substance in
their bodies by inhaling dust or ingest-
ing dirt. EÝects studies might then at-
tempt to determine the reduction in aca-
demic performance attributable to spe-
ciÞc amounts of lead in the blood.

Exposure to a pollutant or other haz-
ard may cause a complex chain of events
leading to one of a number of eÝects,
but analysts have found that the over-
all result can be modeled by a function
that assigns a single number to any giv-
en exposure level. A simple, linear rela-
tion, for instance, accurately describes
the average cancer risk incurred by
smokers: 10 cigarettes a day generally
increase the chance of contracting lung
cancer by a factor of 25; 20 cigarettes a
day increase it by a factor of 50. For
other risks, however, a simple dose-re-
sponse function is not appropriate, and
more complex models must be used.

The study of exposure and eÝects is
fraught with uncertainty. Indeed, uncer-
tainty is at the heart of the deÞnition
of risk. In many cases, the risk may be
well understood in a statistical sense

but still be uncertain at the level of in-
dividual events. Insurance companies
cannot predict whether any single driv-
er will be killed or injured in an accident,
even though they can estimate the an-
nual number of crash-related deaths
and injuries in the U.S. with consider-
able precision. 

For other risks, such as those involv-
ing new technologies or those in which
bad outcomes occur only rarely, uncer-
tainty enters the calculations at a high-
er levelÑoverall probabilities as well as
individual events are unpredictable. If
good actuarial data are not available,
analysts must Þnd other methods to
estimate the likelihood of exposure and
subsequent eÝects. The development of
risk assessment during the past two de-
cades has been in large part the story
of Þnding ways to determine the extent
of risks that have little precedent.

In one common technique, failure
mode and eÝect analysis, workers try to
identify all the events that might help
cause a system to break down. Then
they compile as complete a description
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as possible of the routes by which those
events could lead to a failure (for in-
stance, a chemical tank might release its
contents either because a weld cracks
and the tank ruptures or because an
electrical short causes the cooling sys-
tem to stop, allowing the contents to
overheat and eventually explode). Al-
though enumerating all possible routes
to failure may sound like a simple task,
it is diÛcult to exhaust all the alter-
natives. Usually a system must be de-
scribed several times in diÝerent ways
before analysts are conÞdent that they
have grasped its intricacies, and even
then it is often impossible to be sure
that all avenues have been identiÞed.

Once the failure modes have been
enumerated, a fault tree can aid in esti-
mating the likelihood of any given mode.
This tree graphically depicts how the
subsystems of an object depend on one
another and how the failure of one part
aÝects key operations. Once the fault
tree has been constructed, one need

only estimate the probability that in-
dividual elements will fail to Þnd the
chance that the entire system will cease
to function under a particular set of
circumstances. Norman C. Rasmussen
of the Massachusetts Institute of Tech-
nology was among the Þrst to use the
method on a large scale when he direct-
ed a study of nuclear reactor safety in
1975. Although speciÞc details of his es-
timates were disputed, fault trees are
now used routinely in the nuclear in-
dustry and other Þelds. 

Boeing applies fault-tree analysis to
the design of large aircraft. Company en-
gineers have identiÞed and remedied a
number of potential problems, such as
vulnerabilities caused by routing multi-
ple control lines through the same area.
Alcoa workers recently used fault trees
to examine the safety of their large fur-
naces. On the basis of their Þndings, the
company revised its safety standards to
mandate the use of programmable logic
controllers for safety-critical controls.

They also instituted rigorous testing of
automatic shut-oÝ valves for leaks and
added alarms that warn operators to
close manual isolation valves during
shutdown periods. The company esti-
mates that these changes have reduced
the likelihood of explosions by a factor
of 20. Major chemical companies such
as Du Pont, Monsanto and Union Car-
bide have also employed the technique
in designing processes for chemical
plants, in deciding where to build plants
and in evaluating the risks of transport-
ing chemicals. 

In addition to dealing with uncertain-
ty about the likelihood of an event such 
as the breakdown of a crucial piece of
equipment, risk analysts must cope with
other unknowns: if a chemical tank
leaks, one cannot determine beforehand
the exact amount of pollutant released,
the precise shape of the resulting dose-
response curves for people exposed, or
the values of the rate constants govern-
ing the chemical reactions that convert
the contents of the tank to more or less
dangerous forms. Such uncertainties are
often represented by means of probabil-
ity distributions, which describe the odds
that a quantity will take on a speciÞc
value within a range of possible levels. 

When risk specialists must estimate
the likelihood that a part will fail or as-
sign a range of uncertainty to an essen-
tial value in a model, they can some-
times use data collected from similar
systems elsewhereÑalthough the de-
sign of a proposed chemical plant as a
whole may be new, the components in
its high-pressure steam systems will ba-
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RISK MANAGEMENT PROCESS begins with analysis of the
people and other entities exposed to change, such as in this
illustration, from emissions from a coal-burning power plant

(left ). After the results of exposure have been quantified (sec-
ond panel ), they must then be Þltered through public percep-
tions, which cause people to respond more strongly to some

SUPERCOMPUTER MODEL of ozone con-
centrations in the Los Angeles basin
(pink, highest ; yellow, lowest) serves as
a starting point for analyses of the risks
of exposure to air pollutants.
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sically be indistinguishable from those
in other plants. 

In other cases, however, historical data
are not available. Sometimes workers
can build predictive models to estimate
probabilities based on what is known
about roughly similar systems, but of-
ten they must rely on expert subjective
judgment. Because of the way people
think about uncertainty, this approach
may involve serious biases. Even so,
quantitative risk analysis retains the ad-
vantage that judgments can be incorpo-
rated in a way that makes assumptions
and biases explicit.

Only a few years ago such detailed
study of risks required months of cus-
tom programming and days or weeks
of mainframe computer time. Today a
variety of powerful, general-purpose
tools are available to make calculations
involving uncertainty. These programs,
many of which run on personal com-
puters, are revolutionizing the Þeld. They
enable accomplished analysts to com-
plete projects that just a decade ago
were considered beyond the reach of
all but the most sophisticated organi-
zations [see box on page 38 ]. Although
using such software requires training,
they could democratize risk assessment
and make rigorous determinations far
more widely available. 

A
fter they have determined the like-
lihood that a system could expose
people to harm and described

the particulars of the damage that could
result from exposure, some risk analysts
believe their job is almost done. In fact,
they have just completed the prelimi-
naries. Once a risk has been identiÞed
and analyzed, psychological and social
processes of perception and valuation
come into play. How people view and
evaluate particular risks determines
which of the many changes that may

occur in the world they choose to no-
tice and perhaps do something about.
Someone must then establish the rules
for weighing risks, for deciding if the
risk is to be controlled and, if so, how.
Risk management thus tends to force a
society to consider what it cares about
and who should bear the burden of liv-
ing with or mitigating a problem once
it has been identiÞed.

For many years, most economists and
technologists perceived risk simply in
terms of expected value. Working for 
a few hours in a coal mine, eating pea-
nut butter sandwiches every day for a
month, and living next to a nuclear pow-
er plant for Þve years all involve an in-
creased risk of death of about one in a
million, so analysts viewed them all as
equally risky. When people are asked
to rank various activities and technol-
ogies in terms of risk, however, they pro-
duce lists whose order does not corre-
spond very closely to the number of ex-
pected deaths. As a result, some early
risk analysts decided that people were
confused and that their opinions should
be discounted.

Since then, social scientists have con-
ducted extensive studies of public risk
perception and discovered that the sit-
uation is considerably more subtle. When
people are asked to order well-known
hazards in terms of the number of
deaths and injuries they cause every
year, on average they can do it pretty
well. If, however, they are asked to rank
those hazards in terms of risk, they pro-
duce quite a diÝerent order. 

People do not deÞne risk solely as the
expected number of deaths or injuries
per unit time. Experimental psycholo-
gists Baruch FischhoÝ of Carnegie Mellon
University and Paul Slovic and Sarah Lich-
tenstein of Decision Research in Eugene,
Ore., have shown that people also rank
risks based on how well the process in

question is understood, how equitably
the danger is distributed, how well indi-
viduals can control their exposure and
whether risk is assumed voluntarily.

Slovic and his colleagues have found
that these factors can be combined into
three major groups. The Þrst is basical-
ly an eventÕs degree of dreadfulness (as
determined by such features as the scale
of its eÝects and the degree to which it
aÝects ÒinnocentÓ bystanders). The sec-
ond is a measure of how well the risk is
understood, and the third is the num-
ber of people exposed. These groups of
characteristics can be used to deÞne a
Òrisk space.Ó Where a hazard falls within
this space says quite a lot about how
people are likely to respond to it. Risks
carrying a high level of Òdread,Ó for ex-
ample, provoke more calls for govern-
ment intervention than do some more
workaday risks that actually cause more
deaths or injuries.

In making judgments about uncer-
tainty, including ones about risk, experi-
mental psychologists have found that
people unconsciously use a number of
heuristics. Usually these rules of thumb
work well, but under some circumstan-
ces they can lead to systematic bias or
other errors. As a result, people tend to
underestimate the frequency of very
common causes of deathÑstroke, can-
cer, accidentsÑby roughly a factor of
10. They also overestimate the frequen-
cy of very uncommon causes of death
(botulism poisoning, for example) by as
much as several orders of magnitude.

These mistakes apparently result from
the so-called heuristic of availability.
Daniel Kahneman of the University of
California at Berkeley, Amos N. Tversky
of Stanford University and others have
found that people often judge the like-
lihood of an event in terms of how eas-
ily they can recall (or imagine) exam-
ples. In this case, stroke is a very com-
mon cause of death, but most people
learn about it only when a close friend
or relative or famous person dies; in
contrast, virtually every time someone
dies of botulism, people are likely to
hear about it on the evening news. This
heuristic and others are not limited to
the general public. Even experts some-
times employ them in making judg-
ments about uncertainty.

O
nce people have noticed a risk
and decided that they care
enough to do something about

it, just what should they do? How should
they decide the amount to be spent on
reducing the risk, and on whom should
they place the primary burdens? Risk
managers can intervene at many points:
they can work to prevent the process
producing the risk, to reduce exposures,
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to modify eÝects, to alter perceptions or
valuations through education and pub-
lic relations or to compensate for dam-
age after the fact. Which strategy is best
depends in large part on the attributes
of the particular risk.

Even before determining how to in-
tervene, risk managers must choose the
rules that will be used to judge wheth-
er to deal with a particular issue and, if
so, how much attention, eÝort and mon-
ey to devote. Most rules fall into one of
three broad classes: utility based, rights
based and technology based. The Þrst
kind of rules attempt to maximize net
beneÞts. Analysts add up the pros and
cons of a particular course of action and
take the diÝerence between the two. The
course with the best score wins.

Early beneÞt-cost analyses employed

Þxed estimates of the value of good and
bad outcomes. Many workers now use
probabilistic estimates instead to reßect
the inherent uncertainty of their descrip-
tions. Although decisions are ultimate-
ly made in terms of expected values, oth-
er measures may be employed as well.
For example, if the principal concern is
to avoid disasters, analysts could adopt
a ÒminimaxÓ criterion, which seeks to
minimize the harm done by the worst
possible outcome, even if that leads to
worse results on average.

Of course, many tricky points are in-
volved in such calculations. Costs and
beneÞts may not depend linearly on
the amount of pollutant emitted or on
the number of dollars spent for con-
trol. Furthermore, not all the pros and
cons of an issue can necessarily be mea-

sured on the same scale. When the ab-
solute magnitude of net beneÞts can-
not be estimated, however, rules based
on relative criteria such as cost-eÝec-
tiveness can still aid decision makers.

Rights-based rules replace the notion
of utility with one of justice. In most
utility-based systems, anything can be
subject to trade-oÝs; in rights-based
ones, however, there are certain things
that one party cannot do to another
without its consent, regardless of costs
or beneÞts. This is the approach that
Congress has taken (at least formally)
in the Clean Air Act of 1970: the law
does not call for maximizing net social
beneÞt; instead it just requires control-
ling pollutant concentrations so as to
protect the most sensitive populations
exposed to them. The underlying pre-
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ncertainty is a central element of most problems in-
volving risk. Analysts today have a number of soft-

ware tools that incorporate the effects of uncertainty. These
tools can show the logical consequences of a particular set
of risk assumptions and rules for making decisions about
it. One such system is Demos, developed by Max Henrion
of Lumina Decision Systems
in Palo Alto, Calif.

To see how the process
works, consider a hypotheti-
cal chemical pollutant, “TXC.”
To simplify matters, assume
that the entire population at
risk (30 million people) is ex-
posed to the same dose—
this makes a model of expo-
sure processes unnecessary.
The next step is to construct
a function that describes the
risk associated with any giv-
en exposure level—for exam-
ple, a linear dose-response
function, possibly with a
threshold below which there
is no danger.

Given this information, De-
mos can estimate the number of excess deaths caused
every year by TXC exposure. According to the resulting cu-
mulative probability distribution, there is about a 30 per-
cent chance that no one dies, about a 50 percent chance
that fewer than 100 people die each year and about a 10
percent chance that more than 1,000 die.

Meanwhile, for a price, pollution controls can reduce
the concentration of TXC. (The cost of achieving any giv-
en reduction, like the danger of exposure, is determined
by consultation with experts.) To choose a level of pollu-
tion control that minimizes total social costs, one must
first decide how much society is willing to invest to pre-
vent mortality. The upper and lower bounds in this exam-
ple are $300,000 and $3 million per death averted. (Pick-
ing such numbers is a value judgment; in practice, a cru-
cial part of the analysis would be to find out how sensitive

the results are to the dollar values placed on life or health.)
Net social costs, in this model, are simply the sum of

control costs and mortality. At $300,000 per death avert-
ed, their most likely value reaches a minimum when TXC
emissions are reduced by 55 percent. At $3 million, the
optimum reduction is about 88 percent.

Demos can also calculate a
form of correlation between
each of the input variables
and total costs. Strong corre-
lations indicate variables that
contribute significantly to the
uncertainty in the final cost
estimate. At low levels of pol-
lution control, possible varia-
tions in the slope of the dam-
age function, in the location
of the threshold and in the
base concentration of the pol-
lutant contribute the most to
total uncertainty. At very high
levels of control, in contrast,
almost all the uncertainty de-
rives from unknowns in the
cost of controlling emissions.

Finally, Demos can com-
pute the difference in expected cost between the optimal
decision based on current information and that given per-
fect information—that is, the benefit of removing all uncer-
tainties from the calculations. This is known in decision
analysis as the expected value of perfect information; it is
an upper bound on the value of research. If averting a sin-
gle death is worth $300,000 to society, this value is $38
million a year; if averting a death is worth $3 million, it is
$71 million a year. 

Although tools such as Demos put quantitative risk anal-
ysis within reach of any group with a personal computer,
using them properly requires substantial education. My col-
leagues and I found that a group of first-year engineering
doctoral students first exposed to Demos tended to ignore
possible correlations among variables, thus seriously over-
estimating the uncertainty of their results.

Risk Analysis in Action

U
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sumption holds that these individuals
have a right to protection from harm.

Technology-based criteria, in contrast
to the Þrst two types, are not concerned
with costs, beneÞts or rights but rather
with the level of technology available to
control certain risks. Regulations based
on these criteria typically mandate Òthe
best available technologyÓ or emissions
that are Òas low as reasonably achiev-
able.Ó Such rules can be diÛcult to ap-
ply because people seldom agree on the
deÞnitions of ÒavailableÓ or Òreasonably
achievable.Ó Furthermore, technological
advances may impose an unintended
moving target on both regulators and
industry.

There is no correct choice among the
various criteria for making decisions
about risks. They depend on the ethical
and value preferences of individuals
and society at large. It is, however, crit-
ically important that decision frame-
works be carefully and explicitly cho-
sen and that these choices be kept log-
ically consistent, especially in complex
situations. To do otherwise may pro-
duce inconsistent approaches to the
same risk. The EPA has slipped into
this error by writing diÝerent rules to
govern exposure to sources of radioac-
tivity that pose essentially similar risks.

I
mplicit in the process of risk anal-
ysis and management is the crucial
role of communication. If public

bodies are to make good decisions about
regulating potential hazards, citizens
must be well informed. The alternative
of entrusting policy to panels of experts
working behind closed doors has proved
a failure, both because the resulting pol-
icy may ignore important social consid-
erations and because it may prove im-
possible to implement in the face of
grass-roots resistance.

Until the mid-1980s, there was little
research on communicating risks to the
public. Over the past Þve years, along
with my colleagues FischhoÝ and Les-
ter B. Lave, I have found that much of
the conventional wisdom in this area
does not hold up. The chemical indus-
try, for example, distilled years of litera-
ture about communication into advice
for plant managers on ways to make
public comparisons between different
kinds of risks. We subjected the advice
to empirical evaluation and found that it
is wrong. We have concluded that the
only way to communicate risks reliably
is to start by learning what people al-
ready know and what they need to
know, then develop messages, test them
and reÞne them until surveys demon-
strate that the messages have conveyed
the intended information. 

In 1989 we looked at the eÝects of

the EPAÕs general brochure about radon
in homes. The EPA prepared this bro-
chure according to traditional methods:
ask scientiÞc experts what they think
people should be told and then pack-
age the result in an attractive form. In
fact, people are rarely completely igno-
rant about a risk, and so they Þlter any
message through their existing knowl-
edge. A message that does not take this
Þltering process into account can be ig-
nored or misinterpreted.

To study peopleÕs mental models, we
began with a set of open-ended inter-
views, Þrst asking, ÒTell me about ra-
don.Ó Our questions grew more speciÞc
only in the later stages of the interview.
The number of new ideas encountered
in such interviews approached an as-
ymptotic limit after a couple of doz-
en people. At this point, we devised a
closed-form questionnaire from the re-
sults of the interviews and administered
it to a much larger sample.

We uncovered critical misunderstand-
ings in beliefs that could undermine the
eÝectiveness of the EPAÕs messages. For
example, a sizable proportion of the
public believes that radon contamina-
tion is permanent and does not go away.
This misconception presumably results
from an inappropriate inference based
on knowledge about chemical contami-
nants or long-lived radioisotopes. The
Þrst version of the EPAÕs ÒCitizenÕs Guide
to RadonÓ did not discuss this issue.
Based in part on our Þndings, the latest
version addresses it explicitly. 

The objective of risk communication
is to provide people with a basis for
making an informed decision; any ef-
fective message must contain informa-
tion that helps them in that task. With
former doctoral students Ann Bostrom,
now at the Georgia Institute of Technol-
ogy, and Cynthia J. Atman, now at the
University of Pittsburgh, we used our
method to develop two brochures about
radon and compared their eÝectiveness
with that of the EPAÕs Þrst version. When
we asked people to recall simple facts,
they did equally well with all three bro-
chures. But when faced with tasks that
required inferenceÑadvising a neigh-
bor with a high radon reading on what
to doÑpeople who received our litera-
ture dramatically outperformed those
who received the EPA material. 

We have found similar misperceptions
in other areas, say, climatic change. Only
a relatively small proportion of people
associate energy use and carbon dioxide
emissions with global warming. Many
believe the hole in the ozone layer is the
factor most likely to lead to global warm-
ing, although in fact the two issues are
only loosely connected. Some also think
launches of spacecraft are the major con-

tributor to holes in the ozone layer. (Wil-
lett Kempton of the University of Dela-
ware has found very similar perceptions.)

T
he essence of good risk commu-
nication is very simple: learn what
people already believe, tailor the

communication to this knowledge and
to the decisions people face and then
subject the resulting message to care-
ful empirical evaluation. Yet almost no
one communicates risks to the public
in this fashion. People get their infor-
mation in fragmentary bits through a
press that often does not understand
technical details and often chooses to
emphasize the sensational. Those trying
to convey information are generally ei-
ther advocates promoting a particular
agenda or regulators who sometimes fail
either to do their homework or to take
a suÛciently broad perspective on the
risks they manage. The surprise is not
that opinion on hazards may undergo
wide swings or may sometimes force
silly or ineÛcient outcomes. It is that
the public does as well as it does.

Indeed, when people are given bal-
anced information and enough time to
reßect on it, they can do a remarkably
good job of deciding what problems
are important and of systematically ad-
dressing decisions about risks. I con-
ducted studies with Gordon Hester (then
a doctoral student, now at the Electric
Power Research Institute) in which we
asked opinion leadersÑa teacher, a state
highway patrolman, a bank manager
and so onÑto play the role of a citizensÕ
board advising the governor of Pennsyl-
vania on the siting of high-voltage elec-
tric transmission lines. We asked the
groups to focus particularly on the con-
troversial problem of health risks from
electric and magnetic Þelds emanating
from transmission lines. We gave them
detailed background information and a
list of speciÞc questions. Working most-
ly on their own, over a period of about
a day and a half (with pay), the groups
structured policy problems and pre-
pared advice in a fashion that would be
a credit to many consulting Þrms.

If anyone should be faulted for the
poor quality of responses to risk, it is
probably not the public but rather risk
managers in government and industry.
First, regulators have generally adopt-
ed a short-term perspective focused on
taking action quickly rather than invest-
ing in the research needed to improve
understanding of particular hazards in
the future. This focus is especially evi-
dent in regulations that have been for-
mulated to ensure the safety of the en-
vironment, workplace and consumer
products.

Second, these oÛcials have often
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adopted too narrow an outlook on the
risks they manage. Sometimes attempts
to reduce one risk (burns from ßam-
mable childrenÕs pajamas) have created
others (the increased chance of cancer
from ÞreprooÞng chemicals). 

In some instances, regulators have ig-
nored large risks while attacking smal-
ler ones with vigor. Biologist Bruce Ames
of Berkeley has argued persuasively
that government risk managers have
invested enormous resources in con-
trolling selected artiÞcial carcinogens
while ignoring natural ones that may
contribute far more to the total risk for
human cancer.

Third, government risk managers do
not generally set up institutions for
learning from experience. Too often ad-
versarial procedures mix attempts to
Þgure out what has happened in an inci-
dent with the assignment of blame. As 
a result, valuable safety-related insights
may either be missed or sealed away
from the public eye. Civilian aviation, in
contrast, has beneÞted extensively from
accident investigations by the National
Transportation Safety Board. The board
does its work in isolation from ar-
guments about liability; its results are
widely published and have contributed
measurably to improving air safety.

Many regulators are probably also too
quick to look for single global solutions
to risk problems. Experimenting with
multiple solutions to see which ones
work best is a strategy that deserves
far more attention than it has received.
With 50 states in a federal system, the
U.S. has a natural opportunity to run
such experiments. 

Finally, risk managers have not 
been suÛciently inventive in develop-
ing arrangements that permit citizens
to become involved in decision making
in a signiÞcant and constructive way,
working with experts and with ade-
quate time and access to information.
Although there are provisions for pub-
lic hearings in the licensing process for
nuclear reactors or the siting of haz-
ardous waste repositories, the process
rarely allows for reasoned discussion,
and input usually comes too late to
have any eÝect on the set of alterna-
tives under consideration.

Thomas JeÝerson was right: the best
strategy for assuring the general wel-
fare in a democracy is a well-informed
electorate. If the U.S. and other nations
want better, more reasoned social deci-
sions about risk, they need to take steps
to enhance public understanding. They
must also provide institutions whereby

citizens and their representatives can
devote attention to risk management
decisions. This will not preclude the oc-
casional absurd outcome, but neither
does any other way of making deci-
sions. Moreover, appropriate public in-
volvement should go a long way toward
eliminating the confrontational tone
that has become so common in the risk
management process.
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RISK SPACE has axes that correspond roughly to a hazardÕs
ÒdreadfulnessÓ and to the degree to which it is understood.

Risks in the upper right quadrant of this space are most like-
ly to provoke calls for government regulation.
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A
ccording to Greek mythology,
when curious Pandora opened a
forbidden box she set loose all

the miseries and evils known to the
world. One of them was undoubtedly
the virusÑthe very name of which is
Latin for slime, poison and stench. Vi-
ruses cause a mind-boggling assortment
of illnesses, ranging from the common
cold to acquired immunodeÞciency syn-
drome (AIDS), perhaps the most feared
scourge of modern times. 

Viruses have the ability to mystify lay-
people and experts alike. Early in their
studies of viruses, investigators became
puzzled by the high mutation rates they
observed: the magnitudes indicated that
viruses must evolve more than a mil-
lion times faster than cellular microor-
ganisms. If that were true, how could vi-
ruses maintain their identities as path-
ogenic species over any evolutionarily
signiÞcant period? Why didnÕt they mu-
tate out of existence?

Those questions have generally been
unanswerable within the traditional theo-
retical framework of biology. Borrow-
ing ideas from both mathematics and
chemistry, however, my colleagues and
I have recently introduced a concept, the
quasispecies, that can illuminate the
problems in new ways. A viral species,
we have shown, is actually a complex,
self-perpetuating population of diverse,
related entities that act as a whole.

The substitution of ÒquasispeciesÓ for

ÒspeciesÓ is not merely semantic. It of-
fers insights into the behavior of viruses.
In the case of AIDS, for example, it helps
in determining when the human immu-
nodeÞciency virus (HIV) Þrst evolved
and where it may have come from. If
one were to extrapolate only from the
epidemiologic data, AIDS would seem to
have Þrst appeared in 1979. Our data, in
contrast, suggest that HIV is a very old
virus. Moreover, the quasispecies con-
cept points toward potential treatments
for AIDS and other diseases that have
so far been resistant to vaccines.

T
o begin to understand viral qua-
sispecies, we must ask ourselves,
What is a virus? In 1959 Nobel

laureate Andr� LwoÝÕs answer was ÒA
virus is a virus!ÓÑa truism, perhaps, but
one that cuts to the uniqueness of vi-
ruses in the living world. Essentially, a
virus is a genetic program that carries
the simple message ÒReproduce me!Ó
from one cell to another. Because a vi-
rus represents only one or a few of the
messengers vying for the attention of
its host, it must employ certain bio-
chemical tricks to recruit the hostÕs rep-
lication machinery for its selÞsh pur-
pose. Often those ploys result in the
host cellÕs death.

Viruses fall into many diÝerent cat-
egories, but one way to distinguish
among them is by looking at the mole-
cules that carry their genetic messages.
Perhaps the simplest form of virus is
represented by a single strand of ri-
bonucleic acid (RNA), made up of sev-
eral thousand individual nucleotide sub-
units. If this RNA is a so-called plus
strand, it can be read directly by the
hostÕs translation apparatus, the ribo-
some, much as the hostÕs own messen-
ger RNA can. Examples of such plus
strand viruses are the bacteriophage
Q §, a parasite of the bacterium Esche-

richia coli, and the polio-1 virus, which
causes spinomuscular paralysis. Other
viruses encode their messages as mi-
nus strands of RNA. Inside a cell, minus
strands must be transcribed into com-

plementary plus strands before viral rep-
lication can begin. Inßuenza A, one of
the most common epidemic diseases,
is caused by a minus strand virus.

A third class of single-strand RNA
viruses consists of retroviruses. After a
retrovirus infects a host cell, a viral en-
zyme called reverse transcriptase chang-
es the single strand of viral RNA into a
double strand of deoxyribonucleic acid
(DNA). That DNA can then incorporate
itself into the hostÕs genome, thereby
making the viral message an inherit-
able feature of the cell. HIV belongs to
the retroviral family. Its target is the im-
mune system, which ought to provide
protection against the virus.

Because viruses are so dependent on
the replicative systems of their hosts,
scientists generally believe viruses in
their present form must have evolved
after cellular life. It is even possible that
viruses descended from parts of their
hostÕs genetic programs that turned
their inside knowledge of cells to the
goal of duplicating themselves. What-
ever the case, viruses are useful models
for studying how molecules may have
organized themselves into self-perpet-
uating units at the dawn of life. They
show how information can be generat-
ed and processed at the molecular lev-
el. The essence of their genetic infor-
mation is self-preservation, which they
achieve through mutagenesis, reproduc-
tion, proliferation and adaptation to a
steadily changing environment.

The genome of a single-strand RNA
virus such as HIV, which comprises only
10,000 nucleotides, is small and simple
compared with that of most cells. Yet
from a molecular standpoint, it is un-
imaginably complex. Each of those nu-
cleotides contains one of four possible
bases: adenine, uracil, guanine or cyto-
sine. The unique sequence speciÞed by
the genome of HIV therefore represents
just one choice out of 410,000 possibili-
tiesÑa number roughly equivalent to a
one followed by 6,000 zeros.

Most such sequences would not qual-
ify as viruses: they could not direct
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Viral Quasispecies
The standard definition of a biological species does not apply

to viruses. A more expansive and dynamic view of viral
populations holds clues to understanding and defeating them

by Manfred Eigen
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the signiÞcance of the information con-
cept to molecular evolution and its tech-
nological applications.
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VIRUSES BELONG to many diverse families, which
may be distinguished by the type and activities of
their genetic molecules. In some viruses the genes
are in single or double strands of DNA; in others the
genes are RNA molecules. Some RNA viruses carry
plus strands that can be translated directly by the

host cellÕs protein-making machinery. For minus
strand viruses, the RNA must Þrst be transcribed
into complementary plus strands. Retroviruses, such
as those that cause AIDS, require that their RNA be
reverse-transcribed into double strands of DNA. Only
a few of the many varieties of viruses are shown. 
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their own duplication. Nevertheless,
even if only a tiny fraction of them are
viruses, the number is still huge. If the
entire universe were completely Þlled
with hydrogen atomsÑeach about one
trillionth of a trillionth of a cubic cen-
timeter in volumeÑit could hold only
about 10108 of them. Hence, an array of
106,000 diÝering RNA sequences is be-
yond comprehension.

Fortunately, it is not beyond the ana-
lytic reach of mathematics. We can con-
struct a theoretical framework that en-
compasses that vast array and reveals
relations among the elements. To do
so, we must Þrst develop a geometryÑ
a concept of spaceÑthat would allow
us to represent the informational dif-
ferences among the sequences as pre-
cise spatial distances. In this space, each
nucleotide sequence must occupy a
unique position. The positions must also
be arranged to reßect the information-
al kinship between the sequences. In
other words, each sequence should be
only one unit away from all the other
sequences that diÝer from it by only
one nucleotide; it should be two units
away from those diÝering by two nu-
cleotides, and so on.

Sequence space proves to be an in-
valuable tool for interpreting what a vi-
ral species is. The term ÒspeciesÓ is used
in both biology and chemistry. In chem-
istry, a species is a deÞned chemical
compound, such as trinitrotoluene or
benzene. In biology, the deÞnition is
not quite as sharp: members of a given

living species must show common
traits and must be at least potentially
able to produce oÝspring by recombin-
ing their genetic material. At the genet-
ic level, a biological species is repre-
sented by a gigantic variety of diÝering
DNA molecules.

Biologists generally speak of the wild
type of a species: the form that predom-
inates in a population and that is par-
ticularly well suited to the environment
in which it lives. If one found an indi-
vidual that perfectly embodied that wild
type, its unique sequence of genomic
DNA would specify the wild type at the
genetic level and would occupy a single
point in the sequence space. That view
of the wild type accords with the classi-
cal model of natural selection. Although
mutations occur steadily, they presum-
ably disappear because the mutant types
are less Þt than the wild type. Alterna-
tively, a mutant may have advantages,
in which case it becomes the new wild
type. Either outcome tends to keep all
the members of a species at or very near
one point in a genome sequence space.

T
hat picture was modiÞed by the
neutral theory advanced in the
1960s by Motoo Kimura of the

National Institute of Genetics in Mishi-
ma, Japan. Kimura argued that many
mutations, such as those causing dif-
ferences in blood types, are neither ad-
vantageous nor disadvantageous. Con-
sequently, a small but statistically de-
Þned fraction of the neutral mutations

would continuously replace the exist-
ing wild type in the population. The ge-
nome of a species would therefore drift
steadily but randomly through a certain
volume of sequence space.

Despite those diÝerences, both the
classical Darwinian and the neutralist
theories favor the idea that wild-type
populations will localize sharply in se-
quence space after completing an ad-
vantageous or neutral shift. Also, both
theories assume that mutations appear
blindly, irrespective of their selective val-
ue. No single neutral or advantageous
mutation would occur more frequently
than any disadvantageous one.

That view, however, is not sustained
by the modern kinetic theory of molec-
ular evolution, nor is it backed by ex-
periments with viruses. After all, evo-
lutionary selection is a consequence of
the ability of a genome to replicate it-
self accurately. Imagine a case in which
the process of replication is so highly
error-prone that no copy resembled its
parental sequence. The resulting popu-
lation would behave like an ideal gas,
expanding until it Þlled the sequence
space at a very low density. Selection
acting on such a population could not
deÞne it or conÞne it in any way. The
population would lose all its integrity.

If we were to reduce the error rate of
replication progressively, variation in the
population would disperse less and less
as the oÝspring came to resemble their
parents more and more. At some criti-
cal error rate, the eÝect of selection on
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How to Construct a Sequence Space

ne way to study the diverse nucleotide sequences 
in the genes of viruses is to map them into a multidi-

mensional matrix called a Hamming sequence space. In
this space, each point represents a unique sequence, and
the degree of separation between points reflects their de-
gree of dissimilarity. The space can be most easily drawn
for short sequences consisting of binary digits. For a se-
quence with just one position, there are only two possible
sequences, and they can be drawn as the end points of a
line (a). For a sequence with two positions, there are four

permutations, which form the corners of a square (b ). The
variations on a three-digit sequence become the corners
of a cube (c), and the variations on a four-digit sequence
are the vertices of a four-dimensional hypercube (d ). Each
higher-dimensional space is built iteratively by drawing
the previous diagram twice and connecting the correspond-
ing points. The sequence spaces for viral genomes are far
more complex than these simple figures because they in-
volve thousands of positions that can each be occupied
by one of four different nucleotides.
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the population would change radically:
the expansive force of mutation would
strike a balance with the compressive
force of selection. The diÝuse gas of re-
lated sequences would suddenly con-
dense into a Þnite but extended region.

This region in sequence space can be
visualized as a cloud with a center of
gravity at the sequence from which all
the mutations arose. It is a self-sustain-
ing population of sequences that repro-
duce themselves imperfectly but well
enough to retain a collective identity
over time. Like a real cloud, it need not
be symmetric, and its protrusions can
reach far from the center because some
mutations are more likely than others
or may have higher survival values that
allow them to produce more oÝspring.
That cloud is a quasispecies.

Biologically, the quasispecies is the
true target of selection. All the members
of a quasispeciesÑnot just the consen-
sus sequenceÑhelp to perpetuate the
stable population. The Þtness of the
entire population is what matters, not
the Þtness of individual members. The
wild type of a quasispecies refers to 
an average for all the members, not to
a particularly Þt individual. Chemical-
ly, the quasispecies is a multitude of
distinct but related nucleic acid poly-
mers. Its wild type is the consensus se-
quence that represents an average for
all the mutants, weighted to reßect their
individual frequency. Physically, the
quasispecies is a localized distribution
in sequence space that forms and dis-
solves cooperatively in very much the
same way that molecules of water pass
through phase transitions as they freeze
or evaporate. Its stability is constrained
by the error threshold, which may be

interpreted as a kind of Òmelting pointÓ
for the genome information. The popu-
lation density at each point of sequence
space depends on the Þtness value of
that particular sequence. A mathemati-
cian would describe the distribution of
sequences in a quasispecies with a vec-
tor that refers to the maximum growth
within the set of coupled kinetic equa-
tions for all the mutants.

One might wonder why in this mod-
el an advantageous or neutral mutant
would have a better chance to occur
than a deleterious one. New mutants
appear at the periphery of the quasi-
species distribution, where they are pro-
duced by the erroneous copying of mu-
tants already present. Because the popu-
lation of a mutant in the quasispecies
depends on its degree of Þtness, well-
adapted mutants have a better chance
of producing oÝspring; deleterious mu-
tants produce no oÝspring at all. Be-
cause the chance of Þnding a well-adapt-
ed or advantageous mutant is greatest
in a region of sequence space associ-
ated with high Þtness, there is a large
bias toward producing such well-adapt-
ed mutants. Calculations show that this
eÝect speeds up the evolutionary op-
portunization of viruses by many orders
of magnitude, as compared with truly
random, unbiased mutations.

B
ecause the error rate directly de-
termines the size and integrity of
a quasispecies, it is the most tell-

ing characteristic of a virus. The error
rate is the probability that an error will
occur when one nucleotide in a sequence
is being copied. It can depend both 
on the type of nucleotide substitution
taking place and on its position in the

sequence. The position is important be-
cause the ribosome interprets the nu-
cleotides three at a time, in a group
called a codon. In most codons the Þrst
two positions sufÞce to specify the ami-
no acid to be incorporated into a pro-
tein. Mutations in the Þrst two positions
may therefore be more stringently main-
tained by selection. When researchers
speak of the error rate of an entire viral
sequence, they are referring to an aver-
age for all the positions.

In general, the error rate of a virus is
roughly proportional to the reciprocal
of its sequence lengthÑthat is, about
one error per replicated sequence. If the
error rate were much larger, almost ev-
ery replication event would produce an
unÞt mutation. For an entity that pro-
duces as many oÝspring as a virus, an
error rate reciprocal to the sequence
length is highly signiÞcant. Consider a
typical infection process, which starts
when at least one viable virus enters a
host organism. If that virus is not erad-
icated, it will replicate. Before an infec-
tion is detectable, the viral population
must rise to around 109, which would
take about 30 generations. If the error
rate is more or less equal to the recip-
rocal of the sequence length, then on
average one error will have been added
in each generation.

Consequently, any two viruses taken
from an obviously infected host are like-
ly to diÝer from each other at 30 nu-
cleotide positions or more. When re-
searchers Þrst noticed the sequence di-
versity of the HIV viruses they found in
individual patients, they thought it was
evidence of multiple infections by dif-
ferent strains. The work of Simon Wain
Hobson of the Pasteur Institute in Par-
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POPULATION DYNAMICS of a virus depend on the error rate
of its replication process. These Þgures are highly simpliÞed
representations of the sequence spaces that might contain a
viral population. If the replication process of a virus were per-
fectly accurate, all the viral oÝspring would occupy the same
position in sequence space (a). If replication were highly im-

perfect, mutant viruses would soon occupy every position in
sequence space (b), and the viral population would lose its
integrity. At some intermediate error rate, however, the viral
population would become a coherent, self-sustaining entity
that resembles a cloud centered on the original consensus se-
quence (c ). That cloud is a quasispecies.

PERFECT REPLICATION
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is has demonstrated, however, that the
diverse HIV sequences in patients are
usually related to one another. His work
clearly conÞrms that viruses, and immu-
nodeÞciency viruses in particular, are
quasispecies.

The proliferation of a viral quasispe-
cies is a more complex phenomenon
than the simple replication of a wild
type. Viral replication takes the form of
a hypercycle, a set of interlocking feed-

back loops that describes a regulated co-
evolution within a cell of the viral genes
and the viral proteins essential to repli-
cation that are encoded by those genes.
Michael Gebinoga of the Max Planck In-
stitute for Biophysical Chemistry in G�t-
tingen has quantiÞed the process in vivo
for the Q§ bacteriophage. He found evi-
dence of two feedback cycles, one based
on the enzyme replicase, which pro-
motes replication, and the other based

on the viral coat protein, which limits
it. The Þrst molecules of replicase and
other proteins produced by the infec-
tious plus strand are fairly accurate be-
cause most copies of the viral genes 
in the cell are similar to the originals.
Errors accumulate mostly during lat-
er stages in the infection cycle. For that
reason, the synthesis of replicase seems
to occur primarily early after infection.
Yet even viral sequences that make de-
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HYPERCYCLES govern the replication of viruses inside host
cells. A hypercycle consists of interlocked feedback loops. In
the replication of the plus-strand bacteriophage virus Q§, for
example, the reproduction cycle (tan ) for the genetic infor-
mation is promoted by a second cycle (blue) involving the
production of a viral replicase enzyme. At the same time, vi-

ral replication is inhibited by the production cycle (green) of
the viral coat protein, which prevents the synthesis of repli-
case subunits. The combined inßuence of these cycles deter-
mines the proportions in which viral components are made
and thereby the rate of viral replication. Because errors can
accumulate in the hypercycle, viruses are prone to mutation.
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fective proteins are copied because the
replicative machinery acts on all the
strands indiscriminately. When an in-
fected E. coli cell bursts after 40 min-
utes, it releases around 10,000 phage
particles, of which only 1,000 or less
are infectious.

Analyses of sequence space can reveal
information about the evolution of viral
quasispecies that would otherwise be in-
accessible. A straightforward procedure
for studying the evolution would be to
follow the changes in a viral gene over
time. A researcher would need to col-
lect samples of a virus over a period of
many successive years. The diÛculty is
that even for quickly mutating viruses,
the amount of change that can accumu-
late in only a few yearsÑsay, the life-
time of a Ph.D. thesisÑis too small to
measure meaningfully. Hence, the ex-
periment would never be done.

In the mid-1980s Peter Palese of
Mount Sinai School of Medicine found a
better way. He was lucky enough to ob-
tain samples of inßuenza A virus that
had been isolated and frozen during
outbreaks of the disease over a span of
about 50 years. Palese and his co-work-
ers analyzed the gene sequence com-
mon to those samples. From that infor-
mation, they plotted the evolutionary
relations among the viruses from each
epidemic. The Òfamily treeÓ they creat-
ed shows the worldwide spread of the
virus from a common source in succes-
sive waves during each epidemic. The
tips of the branches are the isolated vi-
rus samples; the nodes, or connections
of branches, correspond to the consen-
sus sequences of their shared ancestors.
In collaboration with Walter M. Fitch of
the University of California at Irvine, Pa-
lese found for inßuenza A an essentially
linear relation between the degree of dif-
ference for any two sequences and the
amount of time since their divergence.
Depending on the sequences they exam-
ined, two to four mutations appeared
per year. The tip-to-node distances on
the tree, which reßected the spread of
individual sequences, corresponded to
roughly Þve years of evolution.

U
nfortunately, the case of inßuen-
za A is as yet unique: no other
collections of viruses that extend

across 50 years currently exist. Never-
theless, other researchers have made
progress by employing a diÝerent ap-
proach. Whereas Palese tracked the evo-
lution of a virus over time, those work-
ers have reconstructed evolutionary
trees by making inferences from the
similarities of diÝerent viruses and vi-
ral strains that abound at approximate-
ly the same time. Gerald Myers of Los
Alamos National Laboratory has made

such a tree for the AIDS-causing strain
HIV-1, using samples collected from
1985 to 1987.

The principal diÝerence between the
tree for HIV-1 and that for inßuenza A
virus is the length of their branches.
According to the scheme Myers devel-
oped, all the early strains of HIV-1 came
from African sources. Looking at the
tree, we can almost trace the journey
of the virus from that continent to the
rest of the world. Indeed, one can ex-
tend the tree even further back into evo-
lution by Þnding the relations between
HIV-1, HIV-2 and various forms of simi-
an immunodeÞciency viruses (SIVs).

For determining when these viruses
diverged, it would be helpful if the sep-
aration in the sequences could be used
as a measure of evolutionary time. Sad-
ly, the problem is not that simple. If
two long, originally identical sequences
mutate randomly, it is at Þrst unlikely
that they will undergo the same chang-
es at the same positions. Mutations will
increase their distance from the ori-
ginal consensus sequence, and those
changes will accumulate almost linear-
ly with respect to time.

Eventually, however, when enough mu-
tations have accumulated, some of them
will probably reverse a previous change
or duplicate a change in the other se-
quence. As a result, the amount of dif-
ference between the sequences will de-
crease or stay constant, and their dis-
tance from the original consensus se-
quence will Þnally ßuctuate around a
given value. Past a certain point, then,
the passage of more time does not add
more distance. For a genetic sequence
in which any one of the four nucleo-
tides could occupy any position, that
distance is 75 percent of the total se-
quence length.

Moreover, the assumption of uniform
substitution probabilities is usually not
correct. Some positions are almost con-
stant because of Þtness constraints;
some vary at a normal rate, whereas
still others are hypervariable and change
rapidly in response to the selection pres-
sure imposed on them by the immune
response of their host. The constant, var-
iable and hypervariable positions would
each evolve according to a diÝerent dis-
tance-time relation. Applying diÝerent
relations to an interpretation of the evo-
lutionary distances would give results
for old divergences that diÝered by or-
ders of magnitude. The lengths of the
branches in the evolutionary trees can-
not divulge when new viruses evolved.

Sequence space diagrams can, how-
ever. My colleagues Katja Nieselt-Struwe
and Ruthild Winkler-Oswatitsch of G�t-
tingen, Andreas Dress of the mathemat-
ics department of Bielefeld University

and I have taken that approach. We de-
veloped a mathematical method of an-
alyzing the relations within a quasispe-
cies that we call statistical geometry in
sequence space. That analysis allows
us to determine how often on average
diÝerent types of changes occur at dif-
ferent positions. It enables us to classify
diÝerent positions in the viral sequenc-
es as constant, variable or hypervari-
able. From that information, we can de-
duce roughly how long diÝerent viral
lineages have existed and the frequen-
cy with which diÝerent types of muta-
tions occur.

W
hat do the statistical geome-
tries of the inßuenza A, polio-
1 and immunodeÞciency virus-

es reveal? For the tree of inßuenza A
virus, the probability of mutations that
would parallel or reverse previous chang-
es is small. As PaleseÕs study indicated,
the amount of diÝerence between strains
of the virus increases almost linearly
over time. An intriguing prediction also
emerges from the data: if all the muta-
ble positions in the virus continue to
change at the indicated rates, the inßu-
enza virus should completely lose its
identity within a few hundred years. Be-
cause some positions must be constant,
the inßuenza A virus will probably re-
main a pathogen, because to survive, it
will need to infect humans, but we can-
not predict what its pathology will be.

For polio-1 virus, the picture is en-
tirely diÝerent. In the studied sequence
segment, the nucleotides that occupy
the Þrst and second positions in each
codon scarcely change at all. Mutations
at those positions must be strongly elim-
inated from the quasispecies by selec-
tion. Conversely, the nucleotides at the
third codon positions are almost com-
pletely randomized. As a result, even
though the poliovirus has about the
same error rate as the inßuenza virus,
only mutations that do not change the
encoded amino acids appear in the qua-
sispecies. The proteins in the poliovi-
rus are very highly conserved.

The immunodeÞciency viruses have
a third type of statistical geometry. All
three codon positions are appreciably
randomized for all types of changes. We
have been able to determine the preva-
lence of constant, variable and hyper-
variable sites within the gene for an HIV
surface protein that we analyzed. From
that information, we were able to esti-
mate how long it must have taken for
the immunodeÞciency viruses to have
diverged to the observed degree.

About 20 percent of the positions are
constant, apparently because they are
necessary for HIV to function as a ret-
rovirus. They establish that HIV is the
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descendant of an old viral family. About
70 percent of the positions are variable
and have an average lifetime of about
1,000 years (give or take a few hun-
dred). They seem to give HIV its speciÞc
characteristics. Many of these positions
diÝer in HIV-1, HIV-2 and the SIV se-
quences, which indicates that they must
have evolutionarily diverged long ago.
My colleagues and I estimate that it was
600 to 1,200 years ago (or even long-
er, because more constant positions may
yet be hidden in the data). Contrary to
the evidence of the epidemiologic curves,
therefore, HIV is not a new virus, al-
though its pathogenicity may have var-
ied over the centuries.

About 200 positions in the studied
HIV geneÑabout 10 percent of the to-
talÑare hypervariable and change on
average within 30 years. They provide
the tremendous variability that enables
HIV to thwart the attempts by its hostÕs
immune system to eliminate it. They
may also be directly responsible for
much of the damage that the virus does
to the immune system. According to a
theory advanced in 1992 by Robert M.
May and Martin A. Novak and their col-
leagues at the University of Oxford, HIV
uses its capacity for variance to out-
ßank the immune response of its host.

The number of diÝerent sequences that
result from mutations at hypervariable
sites outruns by far the capacity of the
immune system to generate lympho-
cytes. If HIV can change at all its hyper-
variable sites in 30 years, it could ex-
haust the immune system in only a frac-
tion of that time. The virus can pro-
duce mutants that evade the immuno-
logic defenses, particularly because its
infection targets are the T lymphocytes
that control the immune response.

Computer simulations carried out by
the Oxford group verify those predic-
tions. That theory, based on the quasi-
species nature of the virus, also satis-
factorily explains the decade-long delay
that usually occurs between the initial
viral infection and the fatal state of 
the disease, when the immune system
breaks down fairly suddenly. It may take
that many years for HIV to exhaust the
adaptive resources of the immune sys-
tem. New experiments will test whether
this explanation is correct.

The statistical geometry data also of-
fer insights into ways of Þghting HIV
and other viruses. The most common
way to rid an infected individual of a
virus is to stimulate, activate or sup-
port the immune system, as a vaccine
does. An awareness of the variational

ßexibility of viruses suggests that three
additional strategies must also be ex-
plored to improve vaccines. One is to
Þnd stable immunologic features in the
viral quasispecies against which high-
ly speciÞc monoclonal antibodies could
be directed. The second is to create an-
tibodies that can act against a broad
spectrum of the likely mutant viruses
that would otherwise permit a quasi-
species to escape attack. The third is to
spot such escape mutants during an
early phase of infection and to outma-
neuver them with speciÞc agents be-
fore they can produce progeny.

T
he most fruitful approaches may
vary with diÝerent viruses. For
example, the immune system can

quickly learn to recognize the almost
constant protein features of the polio-
virus. That virus has no chance of sur-
viving if it encounters a vaccinated host.
The real eÝectiveness of that protection
became apparent only recently when
researchers discovered that the mild
strain of polio-1 virus in the Sabin vac-
cine diÝers from the pathogenic wild
type at only two nucleotide positions.
It is entirely possible, therefore, that a
few of the polioviruses from a vaccine
do mutate into a pathogenic state inside
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ÒEVOLUTION MACHINESÓ of various types are used in the au-
thorÕs laboratory to study the evasive changes that virus pop-
ulations can make when subjected to selection pressure. The
machines create systems of cell cultures in which viruses grow
under tightly controlled conditions for many generations. Nu-
trient solution is pumped into a fermenter in which grow host
cells, such as the bacteria Escherichia coli. These cells are then

pumped into an array of environmentally controlled vessels
called ßow reactors, where the viruses can parasitize their
hosts. Samples of the virus populations can be withdrawn
from the ßow reactors for analysis. A computer regulates
components of the system, such as the pumps and the con-
trols for stirring medium turbidity, that determine the growth
conditions and selection pressures on the viruses.
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the host. Yet by the time those muta-
tions occur, the immunologic protection
of the host is already practically per-
fect. The success of the Sabin vaccine
in saving the lives of countless children
is unchallenged.

Inßuenza is a quite diÝerent case, as
are other viruses. The targets for the im-
mune response against inßuenza change
steadily. Although the immune system
eventually copes with the virus and
quells the infection, there is no lasting
protection. As a consequence, people
can contract inßuenza repeatedly, and
new vaccines must be prepared every
few years. John J. Holland of the Univer-
sity of California at San Diego and Este-
ban Domingo of the Independent Uni-
versity of Madrid have observed that the
viruses responsible for foot-and-mouth
disease and vesicular stomatitis, an in-
fection of the oral membranes in live-
stock, behave in a similar way. HIV, with
its many variable and hypervariable po-
sitions, mutates even more rapidly and
radically. Vaccines may not have any
lasting value against such infections.

But vaccines are only one way to Þght
viruses. The administration of drugs that
block viral replication is an extremely
common therapyÑand for AIDS it is
currently the sole therapy that is in any
way eÝective at slowing the progress of
the disease. In theory, artiÞcial chains
of RNA could be administered to pa-
tients to prevent or eliminate viral in-
fections. Those RNA molecules would
hinder viral replication, either by bind-
ing to the viral RNA or by competing
with it for essential enzymes. SpeciÞc
factors that interfere with viral replica-
tion could also be incorporated into host
cells by genetic technology. Yet all these
approaches may have harmful side ef-
fects or would need to clear signiÞcant
technical hurdles.

A further complication is that virus-
es may be able to mutate around such
obstacles. In my laboratory Bj�rn F. Lin-
demann has used the understanding of
the replicative mechanism of the Q§ bac-
teriophage to test one antiviral strate-
gy. He inserted the gene for the viral
coat protein into cells. The cells be-
came resistant to infection because the
coat protein, a natural regulator of the
phageÕs replication, blocked the tran-
scription of viral genes.

Yet this strategy did not work perpet-
ually: given suÛcient time and genera-
tions, the Q§ bacteriophage adapted by
mutating into a form that ignored the
coat protein signal. Lindemann demon-
strated that fact using one of the auto-
mated Òevolution machinesÓ developed
recently in my laboratory. In these de-
vices, viruses grow in host cells for ex-
tended periods under mild selection

pressures. Evolutionary biotechnology,
or applied molecular evolution, as it is
often called, is a rapidly emerging Þeld
of research that may have many appli-
cations in new antiviral strategies [see
ÒDirected Molecular Evolution,Ó by Ger-
ald F. Joyce; SCIENTIFIC AMERICAN, De-
cember 1992].

One strategy may be resistant to the
evasive maneuvers of viruses: it would
exploit their nature as quasispecies and
thereby undermine the very basis of
their existence. Even in a successful vi-
ral quasispecies, only a small fraction
of the viral sequences in a host cell are
viable. If the error rates of viruses can
be increased moderately, just enough
to cross the critical error threshold that
deÞnes their quasispecies, they would
experience a catastrophic loss of infor-
mation. The viral quasispecies would fall
apart because it would be producing too
many nonviable mutants.

Using drugs that produce mutations,
Domingo and Holland have demonstrat-
ed that this approach works against the
virus that causes foot-and-mouth dis-
ease. For such a strategy to work as a
therapy, however, the drugs must change
the error rate of only the viral replicase
and not of enzymes essential to the
hostÕs well-being. Careful study of rep-
licase mechanisms should bring about
such a possibility of interfering with 
virus infection. This strategy would be
precisely the opposite of immunization
therapies that attempt to prevent the
appearance of escape mutants.

As of today, we know little about the

origin of viruses or their role in the evo-
lution of the biosphere. Viruses come
and go: some adapt; others disappear.
The undeniable reality is that an esti-
mated 13 million people worldwide are
infected with HIV. PandoraÕs box is still
open and releasing new ills. Neverthe-
less, our growing understanding of vi-
ruses suggests that, as in the original
myth, hope has not escaped.
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diseases. Because the proteins of poliovirus change very little over time, it is rela-
tively easy to Þnd consistently good immunologic targets. Against more mutable
viruses, such as the AIDS virus, vaccination is much less potent. 
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I
n the Early Cretaceous period, about
100 million years ago, Australia lay
alongside Antarctica, which strad-

dled the South Pole as it does today.
AustraliaÕs southeastern corner, now
the state of Victoria, lay well inside the
Antarctic Circle. At that time, the region
hosted an assemblage of animals and
plants that lived under climate condi-
tions having no modern analogue. The
average temperature, though low, ap-

pears to have been within the temper-
ate range, yet the sun did not shine
throughout the long winter.

Many dinosaur lineages survived in
this strange environment after they had
died out in other places. At least one
member of the group evolved an adap-
tation to the cold and to the dark that
is interesting both in itself and for what
it tells of the passing of a biological
epoch. If global cooling indeed killed the

dinosaurs, as many paleontologists have
suggested, then AustraliaÕs species were
the ones most likely to have survived
the longest. Did their adaptations to an
already marginal climate help them sur-
vive a sharp cooling trend, one that
caught species living on other continents
unprepared?

Although the Cretaceous fossil plants
of southeastern Australia have been
studied for more than a century, the
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AustraliaÕs Polar Dinosaurs
Their excellent night vision and apparent warm blood 
raise a question: Could they have survived icehouse 

conditions at the end of the Cretaceous period?

by Patricia Vickers-Rich and Thomas Hewitt Rich

AUSTRALIAN DINOSAURS ßourished in southeastern Victo-
ria during the Early Cretaceous, when the region lay within

the Antarctic Circle. This mural depicts six species that left
fossils there and a seventhÑthe large iguanodontid Muttabur-

LEAELLYNASAURA ALLOSAURUS MUTTABURRASAURUS
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animals remained mostly hidden until 
recently. Around 1900 the geologist
William Hamilton Ferguson found two
bones that have had a bearing on later
paleontological workÑthe tooth of a
lungÞsh and the claw of a carnivorous
dinosaur, assigned to the theropod ge-
nus Megalosaurus. For the next 70 years,
as no further Þnds joined them, these
bones lay neglected in a cabinet in the
Museum of Victoria. Then, in 1978, two
graduate students at Monash University,
Tim F. Flannery and John A. Long, dis-
covered near FergusonÕs original site the
Þrst specimens of a trove of dinosaur
bones embedded in hard sandstones and
mudstones from the Early Cretaceous.

These discoveriesÑonly an hour and
a halfÕs drive southeast of MelbourneÑ
encouraged paleontologists to prospect
other coastal sites. In 1980 we struck a
rich lode in the Otway ranges, which
the Victorian government, at our sugges-
tion, has since named Dinosaur Cove.
There, with the help of Earthwatch and
other volunteers and the National Geo-
graphic Society, the Australian Research

Council and Atlas Copco, a manufac-
turer of mining equipment, we have
spent three months out of every year
chiseling, hammering and on occasion
blasting tunnels into the fossil-bearing
strata [see illustration on page 55]. This
project has been the center of our lives
and the lives of our co-workers, our
children and even our parents (two of
whom are paleontologists).

Dinosaur Cove and other sites of sim-
ilar character were formed when violent,
seasonal streams swept broad ßood-
plains of their accumulated bones and

plant life, depositing this ßotsam and
jetsam at the bottom of shallow stream
channels. These deposits appear along
the southern Victorian shore because
only there could gnawing waves expose
the sediments laid down in the rift val-
ley that formed when Australia and Ant-
arctica went their separate ways, as did
the other fragments of Gondwana, the
ancient supercontinent [see illustration

on next page]. Only two fossil sites from
the same period have been found inland,
one in sediments laid down under far
quieter conditions at the bottom of an
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rasaurusÑthat has been found only in Queensland, far to the
north. The paucity of large polar dinosaurs may reßect a real

absence or merely the selective preservation of small bones.
Peter Trusler painted the mural for Australia Post.

PTEROSAUR (FLYING) ANKYLOSAUR ATLASCOPCOSAURUS ORNITHOMIMOSAUR
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ancient lake. This inland site has there-
fore yielded some uncommonly well pre-
served specimens.

It must be noted that southeastern
AustraliaÕs dinosaurs are known from a
mere 5,000 individual bones and two
partial skeletons. Just a few hundred of
the bones can be assigned to a given
species or genus. What they lack in num-
ber, however, they make up in scientif-
ic interest.

All eÝorts at interpretation revolve
around the estimation of temperature,
for which two methods have been tried.
Robert T. Gregory of Southern Metho-
dist University and his associates infer
Australian paleoclimate from the ratio
of oxygen 18 to oxygen 16 trapped in
ancient rocks. They Þnd that mean an-
nual temperatures probably approached
zero degrees Celsius but might have
reached as high as eight degrees C above
zero. Such values occur today in Hud-
son Bay, Saskatchewan (zero degrees C),
and in Minneapolis and Toronto (eight
degrees C above zero).

Robert A. Spicer of the University of
Oxford and Judith Totman Parrish of
the University of Arizona instead de-
duce temperature from the structure
of ancient plants, arriving at the some-
what higher mean annual temperature
of 10 degrees C. Their research has
demonstrated that polar Australia sup-
ported conifers, ginkgoes, ferns, cycads,
bryophytes and horsetails but only a
few angiosperms, or ßowering plants,
identiÞable by a sprinkling of pollen.
The angiosperms were then just begin-
ning to spread into new niches. Per-
haps they got their start by exploiting
weedy ecological systems in the rift val-

leys that formed as the supercontinent
split apart.

Evergreens, which provided forage in
all seasons, had thick cuticles and other
structural features that indicate adapta-
tion to cold or dryness (perhaps brought
on by winter freezing). Deciduous plants
oÝer another climatic clue: they seem to
have lost all their leaves at once. These
mass falls may have been triggered 
by darkness or cold. Drought, however,
probably did not serve as a constant
cueÑthe sedimentary record and the
abundance of ferns and bryophytes ar-
gue for conditions that were moist in
all seasons except perhaps winter.

I
f the higher estimate of mean tem-
perature is correct, Australia was
both temperate and subject to a 

period of continuous darkness ev-
ery yearÑa combination with absolute-
ly no modern counterpart. The winter
night lasted between six weeks and four
and a half months, depending on the
true paleolatitude. Because the lower ex-
treme of temperature would then have
fallen well below the mean, most of the
vertebrates preserved as fossils must
have lived quite close to their thermal
limits. Some, such as lungÞsh, cannot
now breed in waters colder than 10 de-
grees C.

If, on the other hand, the lower mean
temperature is correct, it becomes more
than a normal scientiÞc challenge to
understand how this paleocommunity
functioned at all. Before seriously at-
tacking this problem, scientists will Þrst
have to demonstrate that it exists. To
reÞne the estimate of the average an-
nual temperature, a multidisciplinary

team is comparing ßoral, geochemical
and other forms of evidence.

Nothing in this fauna is quite so pe-
culiar to the region as the koala is today,
for although the species and genera were
local, they belonged to cosmopolitan
families. Yet their adaptations are strik-
ing, as is the fact that some survived be-
yond the time of demise for their fami-
lies elsewhere.

Among such anachronismsÑor rel-
ictsÑare the labyrinthodont amphib-
ians, ancestors of modern amphibians
and reptiles. Most paleontologists had
thought this group went extinct by the
Jurassic, some 160 million years ago.
In the past 15 years, however, Michael
Cleeland and Lesley Kool of Monash Uni-
versity found three jaws from this group
in Victorian sediments dating from the
Early Cretaceous. Two of the jaws were
unmistakable, because their teeth had
the labyrinthine infolding of the enam-
el that gives this group its name. At least
one large species of labyrinthodonts
lived in polar Australia 115 million years
ago, several million years after the group
had died out elsewhere.

How did they survive? We suspect that
the cool weather preserved the animals
from competition with crocodiles, which
were probably poorly adapted to the
conditions prevailing in southeastern
Australia until the onset of climatic
warming during the last Þve million
years of the Early Cretaceous. The hy-
pothesis rests on the fact that contem-
porary crocodilians now live in waters
no colder than 10 degrees C, whereas
some modern frogs and salamanders
can be active in meltwater from snow.

Another late survivor was the famil-
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SOUTHERN SUPERCONTINENT began to break up more than
100 million years ago, when a rift valley formed between Aus-
tralia and Antarctica (left ). Stream channels in the valley re-

ceived bones gathered by ßoodwaters that periodically swept
these broad plains. The bones, together with clay and silt, cre-
ated the fossil-bearing formations of Dinosaur Cove (right ).
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iar Allosaurus, a carnivorous theropod.
Elsewhere in the world this animal
ranged up to Þve meters in height, but
the southeastern Australian specimen
stood no more than two meters highÑ
hardly taller than a human. This Òpyg-
myÓ is the latest-surviving allosaur that
has yet been found. It remains unclear
whether this species also owed its lon-
gevity to some niche that cold climate
may have carved out for it. The discov-
ery of juvenile forms (but no eggshells,
as yet) does suggest that these dino-
saurs were not just casual visitors but
lived near the pole for much of the year,
using the area as a nursery during the
period of maximum sunlight.

Unlike the allosaurs, many dinosaurs
of Australia were not the last in their
lineage; some may have been the Þrst.
At least two and perhaps as many as
four families of dinosaurs have been re-
cognized that include forms which are
either the oldest or among the oldest
of their kind. For instance, the ornitho-
mimosaurs, carnivores of ostrichlike
size and appearance, are manifestly
primitive and among the oldest within
this group; only a Late Jurassic species
from East Africa predates the Austral-
ian form. The elongated, slender hind
limbs of the Australian species made
them the gazelles of the dinosaur world,
able to escape from predators and to
run down prey. The ornithomimosaurs
probably originated in Gondwana and
spread northward to join the later Creta-
ceous faunas of North America and Eur-

asia, where they enjoyed wide success.
Two very small theropods remain un-

identiÞed, but one seems to resemble
an egg-eating oviraptosaur, known un-
til now exclusively from the younger Cre-
taceous rocks of North America and
Asia. These groups may also have an ori-
gin in Gondwana.

Yet another dinosaur group that has
recently been identiÞed belongs to the
neoceratopsians, or horned dinosaurs.
IdentiÞcation is tentative, as it is based
on just two ulnae (part of the lower
arm), but the similarity to Leptoceratops,

a browser the size of a sheep, is uncan-
ny. Previously, all neoceratopsian rec-
ords dated from the Late Cretaceous
and, with the exception of a few bones
from Argentina, came from the North-
ern Hemisphere. This dinosaur family
may also have arisen in the southern
supercontinent.

The Early Australian Cretaceous also
reshaped forms that continued to ßour-
ish in other regions. By far the most
successful such group consisted of the
hypsilophodontid dinosaurs. These an-
imals, most of them hardly larger than
a chicken, were bipeds built for speed,
with large hind legs, small but well-de-
veloped hands, substantial tails andÑ
for the most partÑherbivorous habits.
They thus resembled wallabies in both
shape and ecological role.

The family Hypsilophodontidae was
common throughout the world from
the Middle Jurassic to Late Cretaceous
times, but its prominence reaches an

absolute and relative peak in the Victo-
rian sediments. Not only do hypsiloph-
odontids constitute most of the dino-
saur remains, they are also represented
by four to Þve genera, depending on the
taxonomic criteria one uses, and Þve to
six species. Other areas, some much
more richly endowed with dinosaur spe-
cies, never harbored more than three
kinds of hypsilophodontids at a time.
Something clearly favored the diversiÞ-
cation of this group in polar Australia.

A
particularly intriguing adaptation
of at least one species of polar
hypsilophodontid is suggested

by the magniÞcently preserved brain
cast of Leaellynasaura amicagraphica

(named after our daughter, friends of
the Museum of Victoria and the Nation-
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ACUTE NIGHT VISION is suggested by the eyes and brain of
Leaellynasaura amicagraphica, a hypsilophodontid shown
here at life size (above, right ). The large eyes were common
to all hypsilophodontids and may have helped the group dom-

inate an environment marked by seasonal darkness. This hy-
pothesis may also explain the huge optic lobes, of which the
left one can be seen at the rear of this natural brain cast (be-
low; bump at far right), formed when silt solidiÞed in the skull.
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al Geographic Society). The brain, unusu-
ally large for a dinosaur of this size,
bears the marks of optic lobes whose rel-
ative size is easily the greatest ever doc-
umented in a hypsilophodontid.

How is one to interpret these enlarged
lobes? We hypothesize that they en-
hanced the animalsÕ ability to see in the
dark, enabling them to forage eÝective-
ly during the long winter months. There
would have been no lack of food then,
for those capable of seeing it: the her-
bivores could have lived oÝ evergreens
and deciduous leaf mats, and the carni-
vores could have hunted the herbivores.

This hypothesis also explains why this
group came to dominate the polar envi-
ronment in the Þrst place. Hypsilopho-
dontids everywhere in the world had
large eyes and, presumably, acute vision.
That trait could have given them their
foothold in polar Australia. Once estab-

lished in this ÒprotectedÓ environment,
the hypsilophodontids could have com-
peted with one another to produce the
observed diversity of genera and spe-
cies, perhaps all sharing hypertrophied
optic lobes.

If the animals foraged at night, they
must have been active at freezing or sub-
freezing temperatures. This feat goes far
beyond the cold tolerance of any mod-
ern reptile, even the New Zealand tua-
tara, Sphenodon punctatus, which can
remain active at Þve degrees C provid-
ed it can sun itself. Leaellynasaura could
have survived solely by maintaining a
constant body temperature, eating fre-
quently, as birds do in wintertime.

Pterosaurs, ßying reptiles, and an-
kylosaurs, heavily armored dinosaurs,
also appear, but in such fragmentary
remains as to tell the student little of
the animalsÕ lives. Much can be gleaned

from one handful of teeth, however, for
they come from plesiosaurs. These long-
necked reptiles, not themselves dino-
saurs, generally paddled the seas, but
here they inhabited fresh water in the
ancient valley between Australia and
Antarctica. They thus recall the Ganges
River dolphin, one of the few cetaceans
that live in fresh water.

The sauropods alone are absent. These
giants, familiar from the example of
Apatosaurus (or Brontosaurus, as it is
more popularly known), lived at that
time in AustraliaÕs lower latitudes. None,
however, has been found further south
nor, indeed, in any of the nine Creta-
ceous polar dinosaur sites so far identi-
Þed in both hemispheres. The only po-
lar sauropod yet discovered is the much
older (early Jurassic) Rhoetosaurus from
northeastern Australia.

The apparent restriction of these large
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BONE TO STONE: Leaellynasaura as it might have appeared in
the process of becoming a fossil. A bone assemblage from an

individual could have fossilized in this way only if the stream
channel was choked oÝ, forming an oxbow or billabong.
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dinosaurs to lower latitudes in the Creta-
ceous of Australia may be real or mere-
ly an artifact of sampling. We worry
about this question because the ßood-
waters that broke out of rain-swollen
rivers would have collected small and
medium-size bones but left large ones.
The body of a sauropod would have
stayed put rather than ßoating to a place
where many specimens were concentrat-
ed in the small ßood channels, which
were no more than Þve to 10 meters in
width and 20 to 30 centimeters in depth.

Yet we suspect there was an underly-
ing tendency toward small body size in
these polar environs. None of the hyp-
silophodontids, it must be remembered,
stood taller than a human, and most
were barely knee-high. The dwarf Allo-

saurus matches the smallest we have ex-
amined in the North American collec-
tions. The ornithomimosaur is equally
unprepossessing, and the protocera-
topsid and the ankylosaur are no big-
ger than a sheep. A single fragment of
a claw constitutes our sole record of a
formÑa carnivore, apparently similar
to Baryonyx of EnglandÑwhich may
have measured up to eight meters in
length.

This pattern contradicts the scaling
laws that Bergmann and Allen formu-
lated in the 19th century. According to
these laws, animals in a given lineage
tend to become larger and more com-
pact as the average temperature of their
environment falls. This trend is exem-
pliÞed by the comparison of mountain
lions in Canada with pumas of Central
America and of human populations in
the subarctic and tropical zones.

Other factors also determine body 
dimensions, especially the size of the 
territory in which a population lives. 
Individuals found on islands are of-
ten smaller than their mainland coun-
terparts. For example, there were dwarf
elephants on the ancient Mediterranean 

islands, and pygmy mammoths were 
recently found in 4,000-year-old sedi-
ments on islands oÝ the north coast of
Siberia. DwarÞsm may be a response to
selective pressure to increase the num-
ber of individuals so as to ensure a gene
pool diverse enough for the species to
survive in a restricted area. This eÝect
has also been noted on peninsulasÑ
and ancient southeast Australia was a
peninsula of the Gondwana landmass.

The dinosaurs on that peninsula were
trapped virtually at the end of the earth.
Their direct path north was blocked 
by a vast inland sea, which they could
have passed only by going hundreds of
kilometers to the west before wheeling
about to the north. At the end of such
labors, they would have been able to
catch, at most, an hour of sun a day in
winter. Migration would have made lit-
tle sense for such small animals.

Less formidable barriers sealed in the
dinosaurs of the one other polar site that
has yielded large quantities of fossils:
the north slope of Alaska. The dinosaurs
there had a clear north-south corridor
along which they could migrate with
ease. It is signiÞcant that those dino-
saurs were bigÑat least equal in size to
caribou, wildebeest and other modern
animals that migrate.

O
ne must question whether ani-
mals so superbly adapted to the
cold and the dark could have

been driven to extinction by an artiÞ-
cial winter, such as is supposed to have
followed a cataclysmic event at the
boundary between the Cretaceous and
Tertiary formations. It is proposed that
the cataclysm, perhaps a collision with a
comet or asteroid or a series of volcan-
ic eruptions, suÝused the atmosphere
with a blanket of dust, excluding sun-
light and freezing or starving most ani-
mals to death.

We suspect, however, that no such

artiÞcial winter could have killed the di-
nosaurs unless it lasted for a long time,
certainly more than a few months. Oth-
erwise at least a few of the polar di-
nosaurs would have survived the cata-
clysm. Of course, it is possible that some
other development had already ended
the reign of southern AustraliaÕs dino-
saurs by the end of the Cretaceous.

Arthur Conan Doyle once dreamed
of a plateau in South America that time
forgot, where dinosaurs continued to
reign. Reports earlier this year that
dwarf mammoths survived to early his-
torical times, in islands oÝ the coast 
of Siberia, give force to such specula-
tion. If dinosaurs found a similar haven
in which they outlived the rest of their
kind, then we think polar Gondwana,
including southeastern Australia, is a
likely place to look for it.
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F
ew people complain about the ac-
curacy of modern clocks, even if
they appear to run more quickly

than the harried among us would like.
The common and inexpensive quartz-
crystal watches lose or gain about a sec-
ond a weekÑmaking them more than
suÛcient for everyday living. Even a
spring-wound watch can get us to the
church on time. More rigorous applica-
tions, such as communications with in-
terplanetary spacecraft or the tracking of
ships and airplanes from satellites, rely
on atomic clocks, which lose no more
than a second over one million years.

There might not seem to be much
room for the improvement of clocks or
even a need for more accurate ones.
Yet many applications in science and
technology demand all the precision
that the best clocks can muster, and
sometimes more. For instance, some
pulsars (stars that emit electromagnet-
ic radiation in periodic bursts) may in
certain respects be more stable than
current clocks. Such objects may not
be accurately timed. Meticulous tests
of relativity and other fundamental
concepts may need even more accurate
clocks. Such clocks will probably be-
come available. New technologies, rely-
ing on the trapping and cooling of at-
oms and ions, oÝer every reason to be-
lieve that clocks can be 1,000 times
more precise than existing ones. If his-
tory is any guide, these future clocks
may show that what is thought to be
constant and immutable may on Þner
scales be dynamic and changing. The
sundials, water clocks and pendulum
clocks of the past, for example, were
suÛciently accurate to divide the day
into hours, minutes and seconds, but
they could not detect the variations in
the earthÕs rotation and revolution.

A
clockÕs accuracy depends on the

regularity of some kind of pe-
riodic motion. A grandfather

clock relies on the sweeping oscillation
of its pendulum. The arm is coupled to
a device called an escapement, which
strikes the teeth of a gear in such a way
that the gear moves in only one direc-

tion. This gear, usually through a series
of additional gears, transfers the motion
to the hands of the clock. EÝorts to im-
prove clocks are directed for the most
part toward Þnding systems in which
the oscillations are highly stable.

The three most important gauges of
frequency standards are stability, re-
producibility and accuracy. Stability is
a measure of how well the frequency
remains constant. It depends on the
length of an observed interval. The
change in frequency of a given stan-
dard might be a mere one part per 100
billion from one second to the next,
but it may be largerÑsay, one part per
10 billionÑfrom one year to the next.
Reproducibility refers to the ability of
independent devices of the same de-
sign to produce the same value. Accu-
racy is a measure of the degree to
which the clock replicates a deÞned in-
terval of time, such as one second.

Until the early 20th century, the most
accurate clocks were based on the reg-
ularity of pendulum motions. Galileo
had noted this property of the pen-
dulum after he observed how the peri-
od of oscillation was approximately in-
dependent of the amplitude. In other
words, a pendulum completes one cy-
cle in about the same amount of time,
no matter how big each sweep is. Pen-
dulum clocks became possible only 
after the mid-1600s, when the Dutch 
scientist Christiaan Huygens invented 
an escapement to keep the pendulum
swinging. Later chronometers used the
oscillations of balance wheels attached
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Accurate Measurement of Time
Increasingly accurate clocks—now losing no more than

a second over millions of years—are leading to such advances
as refined tests of relativity and improved navigation systems

by Wayne M. Itano and Norman F. Ramsey

WAYNE M. ITANO and NORMAN F.
RAMSEY have collaborated many times
before writing this article: Itano earned
his Ph.D. at Harvard University under the
direction of Ramsey. Itano, a physicist at
the Time and Frequency Division of the
National Institute of Standards and Tech-
nology in Boulder, Colo., concentrates
on the laser trapping and cooling of ions
and conducts novel experiments in quan-
tum mechanics. He is also an amateur
paleontologist and fossil collector. Ram-
sey, a professor of physics at Harvard,
earned his Ph.D. from Columbia Univer-
sity. He has also received degrees from
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orary degrees. A recipient of numerous
awards and prizes, Ramsey achieved the
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the Nobel Prize in Physics for his work
on the separated oscillatory Þeld meth-
od and on the atomic hydrogen maser.
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to springs. These devices had the ad-
vantage of being portable.

Considerable ingenuity went into 
improving the precision of pendulum
and balance-wheel clocks. Clockmak-
ers would compensate for temperature
changes by combining materials with
diÝerent rates of thermal expansion. 
A more radical approach came in the
1920s, when William H. Shortt, a Brit-
ish engineer, devised a clock in which a
Òslave pendulumÓ was synchronized to
a Òfree pendulum.Ó The free pendulum
oscillates in a low-pressure environment
and does not have to operate any clock
mechanism. Instead it actuates an elec-
trical switch that helps to keep the
slave pendulum synchronized. As a re-
sult, the period of the Shortt clock is
extremely stable. These clocks had an
error of a few seconds in a year (about
one part per 10 million) and became
the reference used in laboratories.

The next major advance in timekeep-
ing was based on the development 
of quartz-crystal electronic oscillators.
The frequency of such devices depends
on the period of the elastic vibration of
a carefully cut quartz crystal. The vi-
brations are electronically maintained
through a property of such crystals
called piezoelectricity. A mechanical
strain on the crystal produces a low
electric voltage; inversely, a voltage in-
duces a small strain.

The quartz vibrates at a frequency
that depends on the shape and dimen-
sions of the crystal. In some wrist-
watches, it is cut into the shape of a

tuning fork a few millimeters long. In
other timepieces, it is a ßat wafer. The
quartz is connected to an electric cir-
cuit that produces an alternating cur-
rent. The electrical feedback from the
quartz causes the frequency of the cir-
cuit to match the frequency at which
the crystal naturally vibrates (usually
32,768 hertz). The alternating current
from the circuit goes to a frequency di-
vider, a digital electronic device that
generates one output pulse for a Þxed
number of input pulses. The divider
also actuates either a mechanical or
digital electronic display.

In the late 1920s Joseph W. Horton
and Warren A. Marrison, then at Bell
Laboratories, made the Þrst clock based
on a quartz-crystal oscillator. In the
1940s quartz-crystal clocks replaced
Shortt pendulum clocks as primary lab-
oratory standards. These clocks were
stable to about 0.1 millisecond per day
(about one part per billion). Relatively
inexpensive, quartz clocks continue to
be extensively used. The timekeeping el-
ements of common quartz watches and
clocks are simpliÞed and miniaturized
versions of quartz frequency standards.
Quartz wristwatches became common
once the ability emerged to cut the
quartz into thin, tuning-fork shapes reli-
ably and to manufacture miniature, low-
power digital electronic components.

Yet quartz-crystal clocks prove inad-
equate for many scientiÞc applications,
such as tests of relativity. According 
to Albert EinsteinÕs calculations, gravity
distorts both space and time. The diÝer-

ence in gravitational potential causes
time to pass more quickly high in the at-
mosphere than it does on the surface.
The diÝerence is slight. Time runs about
30 millionths of a second per year faster
at the top of Mount Everest than it does
at sea level. Only atomic frequency stan-
dards achieve the requisite precision.

T
he quantized energy levels in at-
oms and molecules provide the
physical basis for atomic frequen-

cy standards. The laws of quantum me-
chanics dictate that the energies of a
bound system, such as an atom, have
certain discrete values. An electromag-
netic Þeld can boost an atom from one
energy level to a higher one. The pro-
cess can also work in reverse. If the
atom is in a high energy level, it can
drop to a lower level by emitting elec-
tromagnetic energy.

The maximum amount of energy is
absorbed or emitted at a deÞnite fre-
quencyÑthe resonance frequency, or
the diÝerence between the two energy
levels divided by PlanckÕs constant.
This value is sometimes called the Bohr
frequency. Such frequencies make ideal
time standards because they are ex-
tremely stable. Time can be kept by ob-
serving the frequencies at which elec-
tromagnetic energy is emitted or ab-
sorbed by the atoms. In essence, the
atom serves as the master pendulum
whose oscillations are counted to mark
the passage of time.

Although we have described general
quantum properties, the eÝects exploit-
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TRAPPED MERCURY IONS, separated by about 10 microns, ßu-
oresce under illumination by ultraviolet light (photograph).
The ions are held by oscillating electric Þelds generated by
electrodes (cutaway diagram). Static electric potentials (not
shown) prevent the ions from escaping through the ends of
the trap. Strings of trapped ions may lead to new timing de-
vices more stable than conventional atomic clocks.
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ed in atomic clocks are slightly more
complicated. In most atomic clocks the
energy that atoms absorb or release ac-
tually results from transitions between
so-called hyperÞne energy levels. These
levels exist because of an intrinsic prop-
erty of particles known as the magnetic
moment. Electrons and the nuclei of
most atoms spin about their axes as if
they were tops. In addition, they are
magnetized, like compass needles ori-
ented along their axes of rotation. These
axes can have diÝerent orientations
with respect to one another, and the
energies of the orientations may diÝer.

These positions correspond to the hy-
perÞne levels. The nomenclature comes
about because the levels were Þrst ob-
served in spectroscopy as small split-
tings of spectral lines.

On paper, standards based on atom-
ic processes are ideal. In practice, per-
fection is elusive. Atoms do not absorb
or emit energy precisely at the reso-
nance frequency. Some energy is spread
over a small interval surrounding the
frequencyÑa smearing of frequencies,
so to speak. All else being equal, the
precision to which the resonance fre-
quency can be measured is inverse-
ly proportional to this smearing. The
greater the spread, the less precise the 
measurement. The spread is often ex-
pressed in terms of the quality factor,
or Q , which is equal to the resonance
frequency divided by the frequency
spread. In many cases, the higher the
resonance frequency, the higher the Q .
Furthermore, smearing is often inverse-
ly proportional to the time the atom is
in the apparatus. In those situations,
the Q of the resonance, and hence the 
precision of the measurement, increas-
es as the measuring time increases.

The motions of the atoms also intro-
duce uncertainty by causing apparent
shifts in the resonance frequencies.
Such changes appear because of the
Doppler eÝect. The phenomenon can
be divided into Þrst- and second-order
shifts if the atoms are moving much
slower than the speed of light. The
Þrst-order Doppler shift is an apparent
change in the frequency of the applied
electromagnetic wave as seen by a mov-
ing atom. The amount of the shift is
proportional to the velocity of the atom.
If the atom moves in the same direc-
tion as the wave does, the shift is to a
lower frequency. If the atomÕs motion
is opposed to that of the wave, the
shift is to a higher frequency. If the di-
rections are perpendicular, the Þrst-or-
der shift is zero.

The second-order Doppler shift
comes about as a consequence of time
dilation. According to relativity, time
slows down for objects in motion; a
moving atom ÒseesÓ a slightly diÝerent
frequency than does a stationary coun-
terpart. The eÝect on the resonance fre-
quency is usually much smaller than 
the Þrst-order shift. The second-order 
shift is proportional to the square of the
atomic velocity and does not depend
on the relative directions of the atom-

ic motion and the electromagnetic wave.
Several other factors aÝect the quali-

ty of the information. Atoms in the sys-
tem may collide with one another; the
impacts add noise to the signal. The
surrounding environment can perturb
the resonance frequencies. Defects in the
electronic equipment, stray electromag-
netic Þelds and the ever present thermal
radiation all introduce errors. Therefore,
a good atomic frequency standard not
only must establish a steady, periodic
signal but also must minimize these
potential errors.

O
ne of the earliest and now wide-
ly used methods to sidestep
many of these diÛculties is

called atomic beam resonance, pio-
neered by I. I. Rabi and his colleagues
at Columbia University in the 1930s.
The atoms emerge from a small cham-
ber, exit through a narrow aperture and
then travel as a beam. The entire in-
strument can be shielded from stray
magnetic and electric Þelds and insu-
lated from external sources of heat.
Perhaps more important, collisions of
atoms are virtually eliminated, because
the entire device is housed in a long,
evacuated chamber. The pressure in
the chamber is so low that the atoms
are unlikely to strike anything before
reaching the other end.

In simpliÞed form, atomic beam reso-
nance involves three steps. The Þrst is
to select only those atoms in the appro-
priate energy level. This selection is ac-
complished by using a specially shaped
magnetic Þeld, which acts as a kind of
Þlter. It allows atoms in one energy lev-
el to pass and blocks all others by bend-
ing the beam. Only atoms in the correct
energy level are bent the correct amount
to reach and pass through the aperture
that serves as the entrance to the cavity.

The second and crucial step is to
send the selected atoms into another
energy level. The task is accomplished
by passing the atoms through an oscil-
lating microwave Þeld inside a cavity.
The atoms will go to another energy
level only if the frequency of the ap-
plied oscillating microwaves matches
their Bohr frequency.

The third step is to detect those at-
oms that have changed energy levels.
At this point, the beam of atoms pass-
es through another magnetic Þeld Þl-
ter, which allows only atoms in the cor-
rect energy level to strike a detector that
records the atoms as current ßow. An
abundance of such atoms will exist if
the frequency of the applied oscillating
microwaves precisely matches their
natural frequency. If the frequency of
the applied microwave Þeld is oÝ the
mark, fewer atoms change their energy
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MASTER PENDULUM of this 1920s Shortt
clock oscillates in an evacuated enclo-
sure. It actuates an electrical switch to
synchronize a slave pendulum, which
drives the clock mechanism.
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levels, and so fewer will strike the de-
tector. One knows, therefore, that the
applied microwaves match the natural
frequency of the atoms if the number
of atoms striking the detector is max-
imal. An electronic feedback mecha-
nism, called a servo loop, keeps this
value constant. If it Þnds that the cur-
rent from the detector is falling oÝ, it
changes the frequency of the applied
Þeld until the current reaches a maxi-
mum again.

By keeping the current from the de-
tector at a maximum, the servo loop
maintains the frequency of the applied
microwave Þeld at the natural frequen-
cy of the atoms. To measure time, one
couples the applied Þeld to a frequen-
cy divider, which generates timing puls-
es. By analogy, the atoms represent the
quartz crystal in a watch or the master
pendulum in a Shortt clock. The ap-
plied microwave Þeld is the oscillating
circuit or the slave pendulum, which
actually drives the clock mechanism.

Minor variations of the atomic beam
standard exist. For example, in some de-
vices the atoms that undergo a change
in energy level are made to miss, rath-
er than strike, the detector. Not much
diÝerence in accuracy exists, however.
Rather all the versions to some extent
represent trade-oÝs in terms of size,
cost and complexity.

A more important modiÞcation of
the atomic beam came in 1949, when
one of us (Ramsey) invented the so-
called separated oscillatory Þeld meth-
od. Instead of irradiating the atoms
with a single applied Þeld, this tech-
nique relies on two Þelds, separated by
some distance along the beam path. Ap-
plying the oscillating Þeld in two steps
has many beneÞts, including a narrow-
ing of the resonance and the elimination
of the Þrst-order Doppler shift. Jerrold
R. Zacharias of the Massachusetts Insti-
tute of Technology and Louis Essen and
John V. L. Parry of the National Physi-
cal Laboratory in Teddington, England,
adapted this method to working fre-
quency standards in the mid-1950s.

Currently the separated oscillatory
Þeld method provides the most repro-
ducible clocks. The best ones are locat-
ed at a few national laboratories, al-
though smaller and less accurate ver-
sions are commercially available. The
clocks rely on cesium, which has several
advantages over other elements. It has a
relatively high resonance frequencyÑ
about 9,192 megahertzÑand low reso-
nance width, which lead to an excellent
Q . Cesium can also be detected readily
and eÛciently; all that is needed is a hot
metal Þlament. When a cesium atom
strikes the Þlament, it ionizes and be-
comes observable as electric current.

The Q s of these standards are about
100 million, exceeding the Q of quartz
wristwatches by a factor of several thou-
sand. The greatest reproducibilities are
about a part per 1014. The best cesium
frequency standards are so much more
reproducible than the rate of rotation
and revolution of the earth that in
1967 the second was deÞned as 9,192,-
631,770 periods of the resonance fre-
quency of the cesium 133 atom.

O
ne of the most promising im-
provements in cesium atomic-
beam standards is the use of

optical pumping to select the atomic
states. Beginning in the 1950s optical-
pumping techniques were developed by
Francis Bitter of M.I.T., Alfred Kastler
and Jean Brossel of the �cole Normale
Sup�rieure and others. In this method,
light, rather than a magnetic Þeld, se-
lects atoms in the desired states. Before
the atoms are subjected to the micro-
wave Þeld, radiation from a laser is used
to drive (or pump) the atoms from one
energy level into another. In fact, one
can control the number of atoms in en-
ergy levels by tuning the frequency of
the light.

After the atoms have been irradiat-
ed by the microwave Þeld, they pass
through a second light beam. Only at-
oms occupying the correct energy level
absorb this light, which they quickly re-

emit. A light-sensitive detector records
the reemissions and converts them
into a measurable current. As in atomic
beam resonance that relies on magnet-
ic selection, one knows that the applied
microwave Þeld matches the natural
frequency of the atoms if the current
from the detector is at a maximum.

Using light instead of magnets has
many advantages. Perhaps the most cru-
cial is that, with the right optical-pump-
ing techniques, all the atoms in the
beam can be put into the desired energy
level. Magnetic selection merely Þlters
out those that are in the other energy
levels. Hence, the signal strength from
optical pumping is much higher than it
is from magnetic selection. Researchers
at various laboratories are developing
optically pumped cesium atomic-beam
clocks. One such clock, at the National
Institute of Standards and Technology
(NIST) in Boulder, Colo., has recently be-
come the primary frequency standard
for the U.S. Designated NIST-7, it has an
expected error of one second in about
one million years, making it many times
more stable than its predecessor.

There is an optically pumped atom-
ic clock that is available commercial-
ly. Such a clock is based on the 6,835-
megahertz, hyperÞne resonance of ru-
bidium 87. Rather than moving through
the apparatus as a beam, the rubidium
atoms are contained in a glass cell. The
cell also houses a mixture of gases that
prevents the rubidium atoms from col-
liding with the cell walls. A discharge
lamp containing rubidium vapor, rath-
er than a laser, irradiates the atoms. A
photovoltaic sensor on the opposite
side of the cell detects changes in the
amount of light absorbed by the at-
oms. The atoms are prepared, the mi-
crowaves applied and the light detected
in one cell. As a result, rubidium clocks
can be made to Þt in a cube about 10
centimeters on a side. In contrast, cesi-
um beam clocks can extend from about
50 centimeters to more than Þve me-
ters. Rubidium clocks are also much
less expensive than are cesium ones.

The drawback is that the rubidium
devices are generally less accurate and
less reproducible. The Q of rubidium
standards is about 10 million, a factor
of 10 less than the cesium beamÕs qual-
ity factor; their reproducibility is only
about a part per 1010. Shifts in the reso-
nance frequency mostly account for
the poor reproducibility. The frequent
collisions of the rubidium atoms with
other gas molecules cause the shifts.
But the rubidium standardsÕ short-term
stabilities are goodÑin fact, better than
those of some cesium atomic beams.

The atomic clocks described thus far
work in a rather roundabout wayÑby
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tomic frequency standards de-
pend on the quantization of

the internal energies of atoms or
molecules. A pair of such energy
levels, shown here as levels E1 and
E2, is associated with an atom-
ic resonance. The resonance fre-
quency f, at which it absorbs or
emits electromagnetic radiation, is
f = (E2 – E1)/h, where h is Planck’s
constant. The radiation, however,
is not precisely f but instead is
spread over a range near f, called
Df. The precision to which f can
be measured is proportional to
the quality factor, Q , defined by
Q = f/Df. The higher the Q , the
more stable the clock.
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detecting a change in some signal, such
as the number of atoms striking a detec-
tor, as the frequency of the applied os-
cillatory Þeld shifts. One way to make
use of the radiation emitted by the at-
oms more directly relies on the princi-
ple of the maser (an acronym for mi-
crowave ampliÞcation by stimulated
emission of radiation). In 1953 Charles
H. Townes and his associates at Co-
lumbia invented the Þrst maser, which
was based on ammonia. Beginning in
1960, Ramsey, Daniel Kleppner, now at
M.I.T., H. Mark Goldenberg, then at
Harvard University, and Robert F. C.
Vessot, now at the Harvard-Smithsoni-
an Center for Astrophysics, developed
the atomic hydrogen maser, the only
type that has been used extensively as
an atomic clock.

In this instrument, a radio frequen-
cy discharge Þrst splits hydrogen mol-
ecules held in a high-pressure bottle
into their constituent atoms. The at-
oms emerge from a small opening in
the bottle, forming a beam. Those in the
higher energy level are focused by mag-
netic Þelds and enter a specially coated
storage bulb surrounded by a tuned,
resonant cavity.

In the bulb, some of these atoms will
drop to a lower energy level, releasing
photons of microwave frequency. The
photons will stimulate other atoms to
fall to a lower energy level, which in
turn releases additional microwave pho-
tons. In this manner, a self-sustaining
microwave Þeld builds up in the bulbÑ
thus the name Òmaser.Ó The tuned cav-
ity around the bulb helps to redirect
photons back into the system to main-
tain the stimulated emission process.
The maser oscillation persists as long
as the hydrogen is fed into the system.

A loop of wire in the cavity can detect
the oscillation. The microwave Þeld in-

duces a current in the wire, which leads
out of the cavity to a series of circuits.
The circuits convert the induced cur-
rent to a lower frequency signal suit-
able for generating timing pulses.

The resonance frequency in the hy-
drogen maser is about 1,420 mega-
hertz, which is much lower than the
resonance frequency of cesium. But be-
cause the hydrogen atoms reside in the
bulb much longer than cesium atoms do
in a beam, the maserÕs resonance width
is much narrower. Consequently, the Q
of a hydrogen maser standard is about
109, exceeding the Q of the cesium
atomic clock by an order of magnitude.
In addition, a hydrogen maser has the

highest stability of any frequency stan-
dard, better than one part per 1015.

Unfortunately, the maserÕs superior
attributes last just for a few days. Be-
yond that, its performance falls below
that of cesium beams. The stability de-
creases because of changes in the cavi-
tyÕs resonant frequency. Collisions be-
tween the atoms and the bulb shift the
frequency by about one part per 1011.

One way to overcome the problem is
to operate the hydrogen maser at low
temperatures. This condition allows
more atoms to be stored (thus resulting
in a stronger signal) and reduces elec-
tronic noise. Coating the inside of the
bulb with superßuid liquid helium also
enhances performance. This substance
acts as a good surface against which the
hydrogen atoms can bounce. More eÝec-
tive magnets, better coating substances
and servo loop techniques that keep the
cavity resonance centered on the atom-
ic resonance are other approaches now
being taken to improve maser stability.

A
lthough the cesium atomic-beam
frequency standard is the most
accurate, long-term standard 

we have, several breakthroughs have
indicated that it is possible to fabricate
even more precise clocks. One of the
most promising depends on the reso-
nance frequency of trapped, electrically
charged ions. Trapped ions can be sus-
pended in a vacuum so that they are 
almost perfectly isolated from disturb-
ing inßuences. The ions themselves
stay well separated from one another
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ATOMIC HYDROGEN MASER relies on a self-sustaining microwave Þeld to serve as a
frequency standard. Hydrogen atoms in the correct energy level are deßected by a
magnet into a storage bulb. Some atoms will drop to a lower level, releasing a mi-
crowave photon. The photon stimulates other atoms to drop to a lower level, which
produces more photons. The process quickly builds up a microwave Þeld in the bulb.
The Þeld induces an alternating current in a wire placed in the cavity. The tuned cav-
ity helps to redirect the photons back into the bulb to maintain the process.

ATOMIC-BEAM frequency standards provide the most accurate, long-term timekeep-
ing. Conventional atomic clocks rely on magnets (a). Atoms in the correct energy lev-
el are deßected by magnet A through the microwave cavity. Microwave Þelds oscil-
lating at the resonance frequency of the atoms drive some of them into a second en-
ergy level. These atoms are deßected by magnet B so as to strike a detector. The
servo mechanism monitors the detector and maintains the frequency of the applied
microwaves at the resonance frequency. To keep time, some of the microwaves are
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because they have the same electric
charge. Hence, they do not suÝer col-
lisions with other particles or with 
the walls of the chamber. Ions can be
trapped for long periods, sometimes
for days.

Two diÝerent types of traps are
used. In a Penning trap, a combination
of static, nonuniform electric Þelds and 
a static, uniform magnetic Þeld holds 
the ions. In a radio frequency trap (of-
ten called a Paul trap), an oscillating,
nonuniform electric Þeld does the job.
Each type of trap has its own character-
istic shortcoming. The strong magnet-
ic Þelds of Penning traps can alter the
resonance frequency. The electric Þeld
in Paul traps can create heating eÝects
that cause Doppler shifts. The kind of
trap chosen depends on its suitability
for a particular experimental setup.

Workers at Hewlett-Packard, the Jet
Propulsion Laboratory in Pasadena,
Calif., and elsewhere have fabricated ex-
perimental standard devices using Paul
traps. The particles trapped were mer-
cury 199 ions. This ion was selected
because it has the highest hyperÞne
frequencyÑ40.5 gigahertzÑof all the
atoms that are appropriate for the
trapping technique. A few million such
ions are caught between the electric
Þelds generated by electrodes. Then
the ions are optically pumped by ultra-
violet radiation from a lamp. Subse-
quent operation resembles that of the
optically pumped standards, but the
maximum Q s of trapped-ion standards
exceed 1012. This value is 10,000 times

greater than that for current cesium
beam clocks. Their short-term stabili-
ties are also extremely good, although
they do not yet reach those of hydro-
gen masers. The second-order Doppler
shift limits the reproducibility to about
one part per 1013.

The Doppler shifts can be greatly re-
duced by laser cooling. In 1975 David J.
Wineland, now at NIST, Hans G. Deh-
melt of the University of Washington,
Theodor W. H�nsch, now at the Univer-
sity of Munich, and Arthur L. Schawlow
of Stanford University Þrst proposed
such a technique. In essence, a beam 
of laser light is used to reduce the ve-
locities of the ions. Particles directed
against the laser beam absorb some of
the laser photonÕs momentum. As a re-
sult, the particles slow down. To com-
pensate for the Doppler shifting as the
particle moves against the laser, one
tunes the beam to a frequency slightly
lower than that produced by a strongly
allowed resonance transition.

Many laboratories are developing fre-
quency standards based on laser-cooled
ions in traps. A standard based on be-
ryllium 9 ions, laser-cooled in a Penning
trap, has been constructed. Its repro-
ducibility is about one part per 1013,
limited as it is by collisions of the ions
with neutral molecules. Improvements
in the quality of the vacuum should
signiÞcantly increase the reproducibili-
ty because the uncertainty of the sec-
ond-order Doppler shift is only about
Þve parts per 1015.

During the past few years, there have

been spectacular developments in trap-
ping and cooling neutral atoms, which
had been more diÛcult to achieve than
trapping ions. Particularly eÝective la-
ser cooling results from the use of three
pairs of oppositely directed laser-cool-
ing beams along three mutually perpen-
dicular paths. A moving atom is then
slowed down in whatever direction it
moves. This eÝect gives rise to the desig-
nation Òoptical molasses.Ó Several inves-
tigators have contributed to this break-
through, including William D. Phillips
of NIST in Gaithersburg, Md., Claude
Cohen-Tannoudji and Jean Dalibard of
the �cole Normale Sup�rieure and Ste-
ven Chu of Stanford [see ÒLaser Trap-
ping of Neutral Particles,Ó by Steven Chu;
SCIENTIFIC AMERICAN, February 1992].

Neutral-atom traps can store higher
densities of atoms than can ion traps,
because ions, being electrically charged,
are kept apart by their mutual repul-
sion. Other things being equal, a larger
number of atoms results in a higher
signal-to-noise ratio.

The main hurdle in using neutral 
atoms as frequency standards is that
the resonances of atoms in a trap are
strongly aÝected by the laser Þelds. A
device called the atomic fountain sur-
mounts the diÛculty. The traps capture
and cool a sample of atoms that are
then given a lift upward so that they
move into a region free of laser light.
The atoms then fall back down under
the inßuence of gravity. On the way up
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directed to a device that divides the frequency into usable timing pulses. Optically
pumped standards (b) use light rather than magnets to select atoms. Laser A pumps
the atoms into the right energy level, preparing them to be excited by the micro-
waves. Only atoms placed in the correct energy level by the microwaves absorb light
from laser B. They quickly reemit that energy, which is sensed by a photodetector.
An optically pumped clock using cesium atoms at the National Institute of Standards
and Technology, called NIST-7, now keeps time for the U.S. (photograph).
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and again on the way down, the atoms
pass through an oscillatory Þeld. In this
way, resonance transitions are induced,
just as they are in the separated oscil-
latory Þeld beam apparatus.

The Q of such a device can be higher
than that of an atomic beam because
the time between the two passages can
be longer. Experiments on atomic foun-
tains have been done by Chu and his
co-workers at Stanford and by Andr�
Clairon of the Primary Laboratory of
Time and Frequency in Paris and Chris-
tophe Salomon of the �cole Normale
Sup�rieure and their co-workers.

Much current research is directed 
toward laser-cooled ions in traps that
resonate in the optical realm, where fre-
quencies are many thousands of giga-
hertz. Such standards provide a prom-
ising basis for accurate clocks because
of their high Q . Investigators at NIST

have observed a Q of 1013 in the ultra-
violet resonance of a single laser-cooled,
trapped ion. This value is the highest Q
that has ever been seen in an optical or
microwave atomic resonance. Because

of technical diÛculties, none of the op-
tical frequency clocks constructed so
far, however, has operated over extend-
ed periods.

T
he variety of high-performance
frequency standards that exist
today might seem to obviate the

need for future devices of even greater
performance. After all, current atomic
clocks are so accurate that they have
redeÞned some of our basic units. As
mentioned earlier, the second is now
based on the resonance frequency of
the cesium atom. Also by international
agreement, the meter is deÞned as the
distance light travels in 1/299,792,458
of a second. The voltage unit is main-
tained by the characteristic frequency
associated with a voltage that appears
in a so-called Josephson junction in a
superconducting circuit.

There are, however, applications that
tax the capacity of modern clocks. Ra-
dio astronomy is a good example. As-
tronomers often use several telescopes
spaced thousands of kilometers apart
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ATOMIC FOUNTAIN uses atoms that have been cooled and trapped by six
laser beams (1). The vertical beams then brießy impart an upward velocity
to the atoms. The atoms rise, passing through the microwave cavity on the
way up (2) and again on the way down (3). The rest of the process resem-
bles optically pumped atomic-beam standards: the atoms pass through an-
other laser beam (4 ), and their ßuorescence is recorded by a photodetector
(5 ). Servo loops and frequency dividers (not shown) generate timing pulses.
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to study a stellar object, a technique
that dramatically increases the resolu-
tion [see ÒRadio Astronomy by Very-
Long-Baseline Interferometry,Ó by An-
thony C. S. Redhead; SCIENTIFIC AMERI-
CAN, June 1982]. Two radio telescopes
spaced 10,000 kilometers apart have an
eÝective angular resolution more than
one million times better than either tele-
scope alone. But to combine the data
from each telescope appropriately, in-
vestigators need to know precisely
when each telescope received the signal.
Present-day hydrogen masers have the
stability required for such observa-
tions. More stable clocks may be need-
ed for space-borne radio telescopes.

Highly stable clocks are essential for
the best tests of relativity. Timing mea-
surements of millisecond pulsars, some
of which are as stable as the best atomic
clocks, oÝer evidence for gravity waves.
In 1978 Joseph H. Taylor, Jr., and his as-
sociates at Princeton University found
that the period of a binary-pulsar sys-
tem has been slowly varying by just the
amount that would be expected for the
loss of energy by gravitational radia-
tion, as predicted by general relativi-
ty. Greater precision can be achieved 
if measurements are taken over many
years, so clocks with better long-term
stability would be useful.

In other tests of relativity, Vessot
and his colleagues conÞrmed the pre-
dicted increase in clock rates at high al-
titudes. They sent on board a rocket a
hydrogen maser and measured the
small, relativistic clock shift to within
an accuracy of 0.007 percent at an alti-
tude of 10,000 kilometers. Highly sta-
ble clocks have also been used by Irwin
I. Shapiro, now at the Harvard-Smithso-
nian Center for Astrophysics, to ob-
serve the relativistic delay of a light sig-
nal passing by the sun.

Ultraprecise timekeeping has more
practical applications as wellÑmost
notably, for navigation. The location of
Voyager 2 as it sped by Neptune was
determined by its distance from each
of three widely separated radar tele-
scopes. Each of these distances in turn
was obtained from accurate measure-
ments of the eight hours it took for
light to travel from each telescope to
the spacecraft and return.

Navigation is, of course, also impor-
tant on the earth. One of the latest ap-
plications of precise clocks is the satel-
lite-based assemblage called the Global
Positioning System, or GPS. This system
relies on atomic clocks on board orbit-
ing satellites. The GPS enables anyone
with a suitable radio receiver and com-
puter to determine his or her position to
approximately 10 meters and the cor-
rect time to better than 10Ð7 second.

Two observers monitoring the same
satellite can synchronize their clocks to
within a few nanoseconds.

It is expected that the GPS will have
widespread practical applications, such
as pinpointing the positions of ships,
airplanes and even private automobiles.
The GPS was used during the 1991 Per-
sian Gulf War to enable troops to de-
termine their positions on the desert.
Commercial receivers can be purchased
for less than $1,000, although these
civilian versions are limited to an accu-

racy of about 100 meters because of de-
liberate scrambling of the signals trans-
mitted from the satellites. A full com-
plement of 24 satellites would give 24-
hour, worldwide coverage. The system
is nearly complete.

These and other applications show
the importance of time and frequen-
cy standards. The anticipated improve-
ments in standards will increase the ef-
fectiveness of the current uses and open
the way for new functions. Only time
will tell what these uses will be.
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n the article, we discuss the measurement of an interval of time, such as
a second or a minute. This process requires only a good clock. But to be

able to state that an event happened at a particular time, say, 22 seconds af-
ter 12:31 P.M. on July 5, 1993, requires synchronization with a clock that is,
by mutual agreement, the standard. The world’s “standard clock” exists on
paper as an average of the best clocks in the world. The International Bureau
of Weights and Measures in Sèvres, France, is responsible for coordinating
international time. This coordinated time scale is called International Atomic
Time, or TAI.

Many users require a time scale that keeps pace with the rotation of the
earth. That is, averaged over a year, the sun should be at its zenith in Green-
wich, England, at noon. The day as determined by the apparent position of
the sun is irregular but on the average longer than the 24 hours as defined
by TAI. To compensate, another time scale, called Coordinated Universal
Time, or UTC, is specified by occasionally adding or subtracting a whole
number of seconds from TAI. These seconds, or leap seconds, are inserted
or deleted, usually on December 31 or June 30, to keep UTC within 0.9 sec-
ond of the time as defined by the rotation of the earth. The record of leap
seconds must be consulted to determine the exact interval between two
stated times.

Coordinating Time Scales

FURTHER READING
FROM SUNDIALS TO ATOMIC CLOCKS: UN-
DERSTANDING TIME AND FREQUENCY. J. 
Jespersen and J. Fitz-Randolph. Dover,
1982.

HISTORY OF ATOMIC CLOCKS. N. F. Ram-
sey in Journal of Research of the Nation-
al Bureau of Standards, Vol. 88, No. 5, 

pages 301Ð320; September/October 1983.
PRECISE MEASUREMENT OF TIME. N. F. Ram-
sey in American Scientist, Vol. 76, No. 1,
pages 42Ð49; January/February 1988.

TIME AND FREQUENCY. Special issue of Pro-
ceedings of the IEEE, Vol. 79, No. 7; July
1991.
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I
n 1978 a vice president of a bank 
in Philadelphia collapsed at work
when his heart began to beat dan-

gerously fast. Fortunately, his co-work-
ers were able to administer cardiopul-
monary resuscitation immediately, keep-
ing him alive until emergency medical
workers arrived. He was soon brought to
the Hospital of the University of Penn-
sylvania, where I was a junior member
of the surgical faculty.

Little did either of us know that with-
in weeks of this episode we would parti-
cipate together in making a small piece
of surgical history. Desperate to pre-
vent the bankerÕs imminent death, my
colleagues and I devised a new surgical
treatment to correct the underlying dis-
turbance that caused his heart to mal-
function. Since then, hundreds of other
patients have been aided by this ther-
apy. At the same time, further research
has expanded insight into why our treat-
ment strategy, born of necessity, proved
so useful.

I well remember our initial evaluation
of the bankerÕs medical condition be-
cause we were in for a surprise. When he
Þrst appeared at the hospital, we sus-
pected he had suÝered a heart attack
(myocardial infarction): the death of car-
diac muscle after blockage of an artery
feeding that tissue. But tests told a dif-
ferent story. Indeed, the muscle was in

good shape, except for a small area that
had been damaged during a heart at-
tack several years before.

His heart had malfunctioned now be-
cause it became suddenly and lethally
unstable electrically. The electrical wir-
ing system that regulates the heartbeat
induces the cardiac muscle to contract
and thus push blood into the arteri-
al circulation some 72 times a minute.
The manÕs muscle had begun to receive
much more frequent signals, leading to
abnormally fast pumping. If the heart
beats too rapidly, its interior chambers
do not have time to Þll with blood. Be-
cause the organ cannot eject something
it does not receive, delivery of blood to
the bodyÕs tissues, including to the car-
diac muscle itself, can drop precipitous-
ly, causing the heart to stop.

Although we had originally expected
to Þnd evidence of a new heart attack,
we were also aware that the bankerÕs
electrical derangement was not unique.
Six years earlier Hein J. J. Wellens, then
at the University of Limburg in the Neth-
erlands, observed that excessively fast
pumping occurred in certain patients
months or years after a heart attack.

We understood as well that medica-
tions designed to prevent arrhythmias,
or abnormal heartbeats, could restore
proper functioning in some people, and
so we tried every type available. Each
failed. In a span of three weeks at the
hospital, the banker seriously extended
his metaphysical line of credit, suÝer-
ing three additional cardiac arrests. To
let him leave under those conditions
would most assuredly have been fatalÑ
and he knew it.

At the time, I was privileged to be
working with Mark E. Josephson and
Leonard N. Horowitz, who specialized
in diagnosing cardiac electrical abnor-
malities. They concluded that the bank-
erÕs trouble stemmed from a disturbance
known as a reentrant electrical circuit

in the heart. That being the case, we
thought we might be able to interrupt
the circuit surgically.

T
o follow our logic, it helps to know
a bit about how the heartÕs elec-
trical system controls cardiac ac-

tivity. The heart, which is divided into
four chambers, is essentially a ball of
muscle (myocardium) lined by conduc-
tion tissue: unique Þbers that form a
kind of internal nervous system. These
special Þbers convey electrical impuls-
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Surgical Treatment
of Cardiac Arrhythmias

To save the life of a doomed patient, the author and his colleagues
developed a now standard surgical procedure for correcting
lethally fast heartbeats in many people susceptible to them 

by Alden H. Harken

ALDEN H. HARKEN, a practicing car-
diac surgeon, is professor and chairman
of the department of surgery at the Uni-
versity of Colorado Health Sciences Cen-
ter in Denver. He earned his M.D. from
Case Western Reserve School of Medicine
in 1967. After completing his surgical
residency at Peter Bent Brigham Hospital
and ChildrenÕs Hospital, both in Boston,
he joined the Hospital of the Universi-
ty of Pennsylvania in 1976. Harken has
held his current posts since 1984.

LIFESAVING OPERATION involves excis-
ing ßap of diseased muscle (lined area
in image at right), about three square
centimeters in area and several millime-
ters thick, from the inner surface of a pa-
tientÕs heart. When successful, the surge-
ry halts propagation of impulses through
a pathway known as a reentrant circuit,
which may arise months or years after
a heart attack and can fatally disturb
normal cardiac rhythms. The surgeon
has entered the left ventricle through
an incision (broken line in inset) in dead
scar tissue (shaded area in inset) left by
the heart attack. Clamps hold back the
edges of the incision.
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es swiftly to the entire cardiac muscle.
In response to the impulses, the mus-

cle contractsÑÞrst at the top of the
heart and slightly thereafter at the bot-
tom. As contraction begins, oxygen-de-
pleted, venous blood is squeezed out of
the right atrium (one of two small up-
per chambers) and into the larger right
ventricle below. Then the ventricle ejects
the blood into the pulmonary circula-
tion, which resupplies oxygen and deliv-
ers the blood to the left side of the heart.
In parallel with the events on the right,
the muscle pumps newly oxygenated
blood from the left atrium into the left

ventricle and, from there, out to the aor-
ta, which distributes it to every part of
the body.

The signal giving rise to these machi-
nations emanates from a cluster of con-
duction tissue cells collectively known
as the sinoatrial node. This node, locat-
ed at the top of the right atrium, estab-
lishes the tempo of the heartbeat; hence,
it is often referred to as the cardiac pace-
maker. It sets the tempo simply because
it issues impulses more frequently than
do other cardiac regions, once about ev-
ery 830 milliseconds. If something pro-
voked another part of the heart to Þre
at a faster rate, as occurred in the bank-
er, it would become the new pacemak-
er. Although the sinoatrial node can re-
spond to signals from outside the heart,
it usually becomes active spontaneous-
ly. In other words, it is on Òautomatic pi-
lot,Ó a capability known as automaticity.

Such automaticity stems from the

unique leakiness of the membrane en-
casing nodal cells. As is true of the mem-
brane surrounding muscle cells and neu-
rons, the nodal cell membrane is stud-
ded with pumps that transport ions into
and out of the cell. The net result of this
exchange is the creation of an electrical
potential, or unequal charge distribu-
tion, across the membrane. Yet unlike
muscle and nerve cells, which maintain
their resting potential until they are
jogged by an outside stimulus, nodal
cells allow certain ions to leak back out
of the cells. This outßow reduces the
membrane potential to a critical value.

At that point, the membrane per-
mits a ßood of other ions to rush back 
into the cells. This onslaught momen-
tarily depolarizes the cells (eliminates
the membrane potential) and actually
reverses the membrane polarity. Such
depolarization constitutes an impulse.
After the impulse is generated, cells 
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repolarize and prepare for Þring anew.
Impulses born at a cell in the sinoatri-

al node typically speed instantly through
the rest of the node; from there, they
course through the entire heart in the
span of 160 to 200 milliseconds. Trav-
eling along conduction Þbers, they Þrst
race across both atria and then regroup
at the atrioventricular node, a cellular
cluster centrally located atop the ven-

tricles. After a pause, they course down
the ventricles along a conduction cable
that divides into two branches known
as conduction bundles; these further
ramify to form arbors of thinner pro-
jections called Purkinje Þbers. One ar-
borized bundle serves each ventricle,
sending signals Þrst along the surface
of the septum (a wall dividing the two
ventricles) to the tip of the heart (the

apex) and, from there, up along the in-
ner surface of the external (lateral) walls
to the top of the ventricle.

As impulses from the conduction Þ-
bers reach muscle, they activate the over-
lying cells. Muscle cells, too, are capable
of relaying impulses, albeit more slow-
ly than do conduction Þbers. The cells
of the endocardium (the inner surface
of the wall ) depolarize Þrst and relay

70 SCIENTIFIC AMERICAN July 1993

specialized electrical conduction sys-
tem (green in large heart) normal-

ly regulates the steady beating of the
heart. The impulses (black arrows in
image at right) that induce pumping are
issued at set intervals from the sinoatri-
al node (large green oval at top left), or
the cardiac “pacemaker.” From there,
they race to the atrioventricular node
(above the ventricles) and, after a brief
pause, speed down along the septum
to the bottom of the heart and up its
sides. Meanwhile the impulses also mi-
grate from the conduction fibers across
the overlying muscle, from the endocar-
dium to the epicardium, thereby trigger-
ing the contractions that force blood (ar-
rows in small diagram above) through
the heart and into the arterial circula-
tion. The spread of electricity through a
healthy heart gives rise to the familiar
electrocardiogram at the bottom right.
The P wave (purple) and QRS wave (red )
form as impulses pass through the atria
and ventricles, respectively; the T wave
(black) arises as cardiac cells, which can-
not be stimulated for a while after they
fire, recover their excitability.

The Making of a Heartbeat

A

P

Q

R

S

T

AORTA

SINOATRIAL
NODE

CONDUCTION
BUNDLE

ATRIO-
VENTRICULAR
NODE

PURKINJE
FIBER

ENDOCARDIUM

EPICARDIUM

APEX

LATERAL
WALL

RIGHT ATRIUM

LEFT

ATRIUM

VALVE

VALVE

RIGHT

VENTRICLE

LEFT

VENTRICLE

SEPTUM

ELECTRICAL CONDUCTION IN HEART
SUPERIOR
VENA
CAVA

INFERIOR
VENA
CAVA

LEFT
PULMONARY
VEINS

PULMONARY
ARTERY

AORTA

LUNG

BLOOD FLOW IN HEART

Copyright 1993 Scientific American, Inc.



the impulses through the thickness of
the muscle to the outer surface (the epi-
cardium). Depolarization, in turn, trig-
gers contraction.

J
osephson and Horowitz suggested
that diseased cells had distorted
this normal ßow of electricity in
the bankerÕs heart. After a heart at-

tack, many cells surrounding the result-
ing scar (the group of cells killed by lack
of blood delivery) continue to live but
are abnormal electrically; they may con-
duct impulses unusually slowly or Þre
when they would typically be silent.

These diseased areas, my co-workers
indicated, might perturb smooth signal-
ing by forming a reentrant circuit in
the muscle: a pathway of electrical con-
duction through which impulses can cy-
cle repeatedly without dying out. In our
patientÕs case, the circuit was thought to
be in the left ventricle, where his heart
attack, in common with most others, oc-
curred. (Activation of reentrant circuits
some time after a heart attack is now
believed to take place in a sizable num-
ber, perhaps 10 percent, of the roughly
1.2 million Americans who suÝer heart
attacks every year.)

Passage of impulses through a reen-
trant circuit can be envisioned by imag-
ining a wave of impulses encounter-
ing, say, the bottom of an oval scar in
the left ventricle. On reaching the scar,
the wave would split in two, to detour
around both sides of the dead area. If
diseased cells somehow interrupted im-
pulses propagating along one of those
branches, impulses might still ßow up
along the opposite branch and over the
top of the oval. Then they might traverse
the previously blocked path and return
to the beginning of the circuitÑa region
we call the origin.

If this circuit were negotiated slowly
enough, the origin would have repolar-
ized and become responsive once again
to stimulation. (Between the time cells
depolarize and repolarize, they are gen-
erally refractory, or incapable of re-
sponding to new impulses.) In that case,
the impulses could reexcite the origin,
sending impulses back into the dis-
eased circuit and also out to the rest of
the ventricular muscle. Despite the slow
conduction, the impulses could com-
plete the circuit in a shorter time than
the interval between normal heartbeats.
Hence, persistent cycling could enable
the origin of the circuit to become the
new pacemaker and to provoke sus-
tained ventricular tachycardia: exces-
sively rapid pumping by the ventricles.

We knew that continuous passage
through reentrant circuits could occur
in humans because Wellens had estab-
lished that fact in the 1970s. Fortunately

for us, he also introduced a procedure
for determining whether a quiescent cir-
cuit lurks in a patient who survives a life-
threatening episode of tachycardia and
whether any existing drugs can prevent
renewed activation of the pathway. A
physician threads an electrode known
as a pacing catheter into the heart and
issues a series of speciÞcally timed im-
pulses. Initiation of sustained premature
heartbeats conÞrms that a patient har-
bors a reentrant pathway. ( In contrast,
impulses delivered to a healthy heart
would yield only single contractions that
would not be repeated.) Next, the indi-
vidual is given an antiarrhythmic drug.
If paced stimuli now fail to trigger sus-
tained tachycardia, the Þnding implies
the drug should be helpful.

When Josephson and Horowitz per-
formed the procedure on the banker,
they found they could indeed induce
persistent tachycardia and that, sadly,
no antiarrhythmic medications could
aid him. I met with the two of them
soon afterward in their tiny, windowless
catheterization laboratory. Knowing our
patient carried a life-threatening elec-
trical pathway inside his heart, we be-
gan wondering if we might prevent its
activation by surgically removing all or
part of the culprit circuit, especially the
origin. We realized the plan could fail,
or that by removing the tissue, we might
actually create other problems. But we
were out of options.

B
efore proceeding, we had to de-
velop a way to locate the rene-
gade pacemaker. We hoped we

might Þnd it by analyzing signals reach-
ing an electrode placed directly on the
inner or outer surface of the heart [see

bottom illustration on next page]. More
speciÞcally, we planned to induce sus-
tained tachycardia with a pacing elec-
trode. During each heartbeat, we would
measure electric currents produced at
a single site (consisting of a small clus-
ter of cells) along the diseased border
of the heart attack scar. We would start
at a position arbitrarily designated as
12 oÕclock and proceed around the
Òclock faceÓ back to the beginning.

We would delineate the circuit by
comparing the time of electrical activa-
tion in each region against that seen in
healthy tissue. Regions that generated
currents before the healthy tissue did
would be revealed as belonging to the
circuit; the area that became excited ear-
liest would be the pacemaker. We could
not rely on standard electrocardiogra-
phy for this purpose because it lacked
the speciÞcity we needed. Familiar elec-
trocardiogram tracings, made by attach-
ing electrodes to the skin, reßect the
summed activity of many thousands of

cells in the heart; they cannot identify
the precise swatch of muscle that is de-
polarized at any given moment.

Our general approach made sense, but
no one had ever attempted to ÒmapÓ the
ßow of signals in the living, pumping
chambers of the human heart by record-
ing directly from the organÕs surface.
We had no idea whether we could ob-
tain decipherable results. The next day
I was scheduled to remove a cancerous
lung from a diÝerent patient. He kindly
agreed to let us try to detect signals 
directly from the outside of his heart.
To our delight, we could clearly discern
when a wave of impulses crossed any
point on the muscle.

I was now ready to discuss our pro-
posed strategy with the banker. Not
knowing whether the origin of the cir-
cuitÑthe zone of earliest activationÑ
was closer to the inside or outside of
the cardiac muscle, we intended to map
both the inner and outer surfaces. We
planned to reach the interior by opening
the heart through the existing scar. (Cut-
ting into healthy tissue would, after all,
destroy new tissue unnecessarily.) If we
found the troublesome region, we pro-
posed to remove it surgically. To keep
blood moving through the patientÕs body
during the operation, we should have
to attach him to a heart-lung machine.
This device diverts unoxygenated blood
into an artiÞcial lung. Blood containing
oxygen is then pumped back into the
arterial circulation via the aorta.

People often call physicians Òcoura-
geous,Ó but it was our patient who was
brave. After I described our therapeutic
strategy in great detail, he posed the
dreaded question: ÒHow many times
have you done this before?Ó I told him,
ÒNever.Ó Then he asked how many times
anyone had performed the operation
previously. I informed him it was un-
tried. Despite these unsettling answers,
he gave me a conÞdent smile and said,
ÒGo ahead.Ó

The next morning we were able to
pinpoint and excise the region of earli-
est activity, which turned out to reside
on the inside surface. (Today we know
that virtually all reentrant pathways
weave through cells in or close to the
endocardium.) Our patient not only re-
sumed banking but also went on to be-
come the county tax assessor. I lost
track of him a few years ago, but as of
a decade after our treatment, he had suf-
fered no further arrhythmias.

Not everyone who has the surgery is
as lucky as the banker was, however. Of
all the patients who undergo the proce-
dure after surviving an episode of per-
sistent tachycardia, approximately 9 per-
cent succumb either during the opera-
tion or within a month after it. On the
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other hand, 80 percent of surgically
treated patients live for at least a year
without recurrence of tachycardia, and
60 percent survive for Þve years or more.
The candidates most likely to do well
are those whose heart muscle is dam-
aged least.

I
n addition to assembling survival
statistics, we have discovered since
1978 that reentrant pathways need

not be as large as we originally thought.
Those occurring at a microscopic level
can be equally pernicious. In fact, mi-
croanatomic reentrant circuits seem to
be the most common form of all.

The notion that microcircuits could
exist was Þrst suggested in the early
1970s by another surgeon: James L. Cox,
then at Duke University. He argued that
a small bit of mottled tissue, consisting
of diseased cells interspersed with is-
lands of dead cells, could set up the
conditions needed to establish reentrant
tachycardia. In such a microscopic cir-
cuit, impulses that encounter a divided
pathway at an entryway to a mottled
patch would split and travel along both
routes [see top illustration on this page].
As is true of larger, ÒmacroÓ reentrant
circuits, impulses propagating along
one branch would encounter a one-way
blockade. At the same time, impulses
ßowing along the other branch would
meander through a maze of diseased
cells and return along the previously
blocked lane.

If conduction through the diseased
tissue were suÛciently slow, the impuls-
es would come back to the entryway, or
origin of the circuit, after that site was
no longer refractory. Excitation of the
site would then stimulate the ventric-
ular muscle to contract and, at the same
time, would send the impulses back into
the microcircuit again and again. In-
stead of traveling along the circumfer-
ence of a scar, then, a reentrant circuit
could trace a recursive path through a
more localized maze of cells in the dis-
eased boundary between a heart attack
scar and fully healthy tissue.

Two of my colleagues, Glenn J. R.
Whitman and Michael A. Grosso, decid-
ed to test this idea in the early 1980s.
They were able to create small heteroge-
neous zones consisting of mixed dead
and living but diseased cells in the ven-
tricles of test animals. These animals,
not previously susceptible to the elec-
trical induction of self-sustaining tachy-
cardia, became highly prone to it.

Whitman and Grosso assumed that if
the mottled tissue were at fault, killing
all the cells in the patch should restore
appropriate electrical activity in the
heart. Instead of wandering through a
dangerous maze, impulses encounter-

ing the homogeneous patch of killed
tissue would either be extinguished or
zoom around it through adjacent healthy
cells. Sure enough, when the mottled
patches were destroyed, the predisposi-
tion to arrhythmia vanished.

These Þndings revealed that mot-
tling could set the stage for reentrant
tachycardia. They also provided the
hindsight needed to explain why a dif-

ferent surgical treatment tested by us
and others in various patients had not
worked well. Believing that the scar it-
self was somehow responsible for the
electrical disturbances, we had previous-
ly removed only the dead tissue. Whit-
man and GrossoÕs work indicated that
this approach was doomed to failure be-
cause it left the true culpritÑthe zone
of mixed living and dead cellsÑin place.
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REENTRANT CIRCUIT, a closed loop through which impulses can cycle repeatedly,
has formed in a patch of cardiac muscle populated by diseased tissue (beige) and
islands of dead cells (brown). Continuous electrical activity in such a circuit can
usurp the normal pacemaker function of the sinoatrial node, leading to ventricular
tachycardia (a dangerously fast heartbeat). Persistent cycling begins when a wave
of impulses (blue arrows in 1 ) enters the patch and divides (2 ) at the entryway. If

DISEASED
CELLS

DEAD
CELLS

WAVE
OF IMPULSES

ENTRYWAY
TO REENTRANT CIRCUIT

BLOCKADE

21

IM
PULSES PASSING AROUND PATCH

Copyright 1993 Scientific American, Inc.



Yet we still faced two signiÞcant puz-
zles, one scientiÞc and one clinical. Why
is it that reentrant circuits do not be-
come active every time the heart beats
in susceptible patients? In other words,
why can people often survive for months
or years before deadly disturbances of
rhythm arise? We also wondered how
we might noninvasively identify pa-
tients at risk for reentrant tachycardia

before they experienced a potentially
life-threatening episode.

The simplistic explanation for why a
reentrant circuit does not jump into 
action with each heartbeat seemed to 
be that impulses Þred by the sinoatrial
node cannot cycle repeatedly through
the troublesome pathway. At the end of
the Þrst cycle, they return to a still re-
fractory starting site. Blocked from re-
entering the circuit, they go no further.
Unfortunately, this explanation did not
clarify how persistent cycling does arise.
We now think it is triggered when, in a
case of exquisite bad luck, an electri-
cally irritable cell lying adjacent to a re-
entrant pathway Þres spontaneously in
a narrow window of time between one
activation of the sinoatrial and atrioven-
tricular nodes and the next.

We came to this conclusion after re-
viewing research reported in the late
1970s by our colleagues E. Neil Moore
and Joseph F. Spear of the Hospital of
the University of Pennsylvania. By impal-
ing cells on tiny, needlelike electrodes,
Moore and Spear were able to track
changes in the membrane potentials of
single, diseased cardiac cells taken from
the area surrounding heart attack scars.
After healthy cells depolarize, they re-
polarize smoothly. In the diseased cells,
by contrast, the membrane potential

ßuctuated markedly during the repo-
larization period.

We presumed that these ßuctuations
would sometimes progress to prema-
ture depolarization, or Þring of an im-
pulse. If an irritable cell happened to lie
next to a reentrant pathway, it might
well insert an impulse into the worri-
some channel during the interval be-
tween normal heartbeats.

This insertion might activate a reen-
trant circuit, whereas an impulse origi-
nating at the sinoatrial node would not,
because recent passage of an impulse
through a pathway can alter the electro-
chemical characteristics of that pathway
and slow conduction of a subsequent
signal. Thus, the impulse delivered by
the irritable cell could pass through the
circuit more slowly than would a prior
signal originating at the sinoatrial node.
If delivery of the wayward impulse were
timed properly, the impulse propagat-
ing through the circuit would return to
the entryway at a most devastating mo-
ment: after the site regained excitability
(and so could relay the impulse onward)
but before the sinoatrial node Þred for
a second time (thereby gaining control
of the heartbeat). Hitting a receptive
target, the impulse might proceed to
run many unimpeded laps around the
lethal circuit.

O
ur second problemÑreadily
identifying patients at risk for
reentrant tachycardiaÑwas re-

solved masterfully by our co-worker 
Michael B. Simson, a person of many 
talents. Aside from being a superb car-
diologist, he is, as I sometimes say, an
enthusiastic sports-car hack and com-
puter driver. Steering his beat-up sports
car home one night after sitting in on
one of our surgical research meetings,
he began to ponder the electrical noise,
or seemingly random signals, emanat-
ing from the hood of his car. If he sim-
ply monitored the currents reaching the
hood, he reasoned, the resulting data
would be indecipherably chaotic. But if
he wanted to track the electrical im-
pulses coming speciÞcally from his dis-
tributor, he might well discern them by
signal averaging.

In this procedure, he would record
the voltage and direction (the electrical
vector) of currents ßowing toward and

SCIENTIFIC AMERICAN July 1993       73

CARDIAC MAPPINGÑperformed by moving an electrode (blue) over diseased tis-
sue surrounding a heart attack scarÑenables a surgeon to identify a reentrant cir-
cuit. In one patient, recordings of electrical activity (tracings at right) made at 12
sites (inset at left) around the inner surface during induced ventricular tachycardia
delineated a large, recurring electrical circuit that began at the one oÕclock position
(tracing 1) and progressed clockwise around the circumference of the scar. A sur-
geon can block impulse propagation in such a circuit by excising the region of ear-
liest excitation, which can be assumed to be the entryway to the circuit.

signals ßowing along one pathway (two-headed black arrow) encounter a tempo-
rary blockade (vertical lines), those propagating along a second pathway (thin blue
arrow) may return to the entryway (3 ), or origin, through the previously blocked
alley. If the entryway has regained excitability (4 ), the returning impulses will re-
excite that area. They may thus fan out through healthy muscle (large green arrows)
and proceed back through the worrisome circuit again and again (thin green arrow).
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away from the hood during particular
phases of rotation by his distributor ro-
tor. If he summed the signals obtained
by repeated measurements in a given
phase, random currents would tend to
cancel one another out, leaving a record
of only those produced by the rotor. Di-
viding the result by the number of read-
ings made in a selected phase would give
him a measure of the current generated
by the distributor in that phase.

It then occurred to Simson that he
might apply much the same approach
to screen heart attack victims for sus-
ceptibility to reentrant tachycardia. Per-
haps signal averaging would enable him
to detect very slow electrical activity per-
sisting after the normal ßow of signals
passed through the ventricles. Most of
the extra activity he found would reßect
impulses propagating belatedly through
a potentially dangerous reentrant chan-
nel. Put another way, Simson thought
he could place electrodes on the skin,
as for a standard electrocardiogram,
but then record only those currents
produced in the 40 milliseconds imme-
diately after formation of the familiar
QRS wave seen on electrocardiograms.
(The QRS wave reßects the spread of
impulses through the ventricles.) Heart
cells are generally quiet at that point,
giving rise to a ßat line on the electro-
cardiogram tracing. Signal-averaged de-
viations from this normal pattern would
signify slow conduction in a reentrant
pathway.

Simson spent that night in his base-
ment building a signal-averaging device.
The next day Josephson, Horowitz and
I were scheduled to remove tissue that

had earlier caused reentrant arrhyth-
mia in one of our patients. Before sur-
gery, Simson attached his new recorder
to the patient and noted, as expected,
that there was a ßurry of electrical ac-
tivity in the usually quiescent span fol-
lowing ventricular excitation. But was
the signal, in fact, an indication of late
impulse conduction in a reentrant cir-
cuit? The answer would be yes if the
ßuctuations disappeared after the op-
eration. The surgical procedure went
well. Josephson and Horowitz identi-
Þed the circuit, and I excised the entry-
way. After surgery, Simson reattached
his device to the patient. The post-QRS
ßuctuations were gone.

We had come a long way since 1978.
We had learned why our surgical ap-
proach, initially designed by guesswork,
is useful. It interrupts the diseased ana-
tomic pathway that, in response to aber-
rant Þring by a nearby cell, gives rise to
the repeated ßow of impulses through
a recursive circuit. Moreover, we had
gained the ability to identify noninva-
sively patients at risk.

A
t the University of Colorado,
where I moved in 1984, we use
SimsonÕs screening test routine-

ly. We usually wait two or three months
after a heart attack to be sure we are not
detecting a predisposition to Òautomat-
icÓ tachycardias. For a week or so after a
person has a heart attack, dying cells of-
ten Þre when they should be silent. This
behavior can cause the heart to beat pre-
maturely. If the cell depolarizes repeat-
edly, the activity could lead to fast beat-
ing, and sometimes failure, of the heart.

A tendency to automatic tachycardia
generally resolves within a few weeks,
as the sputtering cells expire.

If a propensity for reentrant tachycar-
dia is discovered after a suitable waiting
period, and if medications do not suf-
fice, patients can consider other treat-
ment options. I speak of more than one
choice because surgery is no longer the
only therapeutic alternative to drugs. A
device known as an implantable deÞb-
rillator has been available since 1980.
When the heart begins to beat quickly,
the machine issues a shock that depo-
larizes the entire heart instantly, giving
the sinoatrial node a chance to resume
its pacemaker function.

About half as many patients die from
complications of the implantation pro-
cedure for the device as from conse-
quences of undergoing our surgery. But,
in contrast to the surgery, the device of-
fers only palliation, not a cure. Recipi-
ents continue to face episodes of tachy-
cardia and may lose consciousness each
time they are shocked back into nor-
mal rhythm. Consequently, they cannot
drive or engage in other activities where
sudden blackouts could be dangerous.
If surgery to eliminate a reentrant cir-
cuit is deemed the better therapy for a
given patient, it can now be obtained at
many medical centers.

Overall, it is fair to say that the ma-
jority of patients who survive a heart
attack are not vulnerable to reentrant
arrhythmias. Perhaps half of the small
group who are susceptible can be treat-
ed with medication. Of those who do
not respond to drugs, however, as many
as 80 percent are likely to die from their
electrical abnormality within a year af-
ter their Þrst bout of reentrant tachy-
cardia unless they receive some other
therapy. It is reassuring to know that
for many of those individuals the cour-
age of a Philadelphia banker has per-
mitted a cure.
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SPECIAL ELECTROCARDIOGRAMS made by a technique called signal averaging
were produced before (left) and after (right) a patient underwent surgery to pre-
vent the continuous passage of impulses through a reentrant pathway. The jagged
red line at the left reßects slow, self-limited electrical conduction through the wor-
risome pathway during the normally quiet period immediately following ventricu-
lar excitation. Flattening of the line after surgery means slow conduction through
the potentially deadly circuit has been eliminated. Signal-averaged electrocardio-
grams can now identify patients at risk for reentrant arrhythmias.
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C
omputers do not reason as brains
do. Computers ÒreasonÓ when
they manipulate precise facts

that have been reduced to strings of ze-
ros and ones and statements that are
either true or false. The human brain
can reason with vague assertions or
claims that involve uncertainties or val-
ue judgments: ÒThe air is cool,Ó or ÒThat
speed is fastÓ or ÒShe is young.Ó Unlike
computers, humans have common sense
that enables them to reason in a world
where things are only partially true.

Fuzzy logic is a branch of machine
intelligence that helps computers paint
gray, commonsense pictures of an un-
certain world. Logicians in the 1920s
Þrst broached its key concept: every-
thing is a matter of degree. 

Fuzzy logic manipulates such vague
concepts as ÒwarmÓ or Òstill dirtyÓ and
so helps engineers to build air condition-
ers, washing machines and other de-
vices that judge how fast they should
operate or shift from one setting to an-
other even when the criteria for mak-
ing those changes are hard to deÞne.
When mathematicians lack speciÞc al-

gorithms that dictate how a system
should respond to inputs, fuzzy logic
can control or describe the system by
using ÒcommonsenseÓ rules that refer
to indeÞnite quantities. No known math-
ematical model can back up a truck-
and-trailer rig from a parking lot to a
loading dock when the vehicle starts
from a random spot. Both humans and
fuzzy systems can perform this nonlin-
ear guidance task by using practical but
imprecise rules such as ÒIf the trailer
turns a little to the left, then turn it a
little to the right.Ó Fuzzy systems often
glean their rules from experts. When no
expert gives the rules, adaptive fuzzy
systems learn the rules by observing
how people regulate real systems. 

A recent wave of commercial fuzzy
products, most of them from Japan, has
popularized fuzzy logic. In 1980 the
contracting Þrm of F. L. Smidth & Com-
pany in Copenhagen Þrst used a fuzzy
system to oversee the operation of a
cement kiln. In 1988 Hitachi turned over
control of a subway in Sendai, Japan,
to a fuzzy system. Since then, Japanese
companies have used fuzzy logic to di-
rect hundreds of household appliances
and electronics products. The Ministry
of International Trade and Industry es-
timates that in 1992 Japan produced
about $2 billion worth of fuzzy prod-
ucts. U.S. and European companies still
lag far behind. 

Applications for fuzzy logic extend
beyond control systems. Recent theo-
rems show that in principle fuzzy logic
can be used to model any continuous
system, be it based in engineering or
physics or biology or economics. Inves-
tigators in many Þelds may Þnd that
fuzzy, commonsense models are more
useful or accurate than are standard
mathematical ones. 

A
t the heart of the diÝerence be-
tween classical and fuzzy logic is
something Aristotle called the

law of the excluded middle. In standard
set theory, an object either does or does
not belong to a set. There is no middle

ground: the number Þve belongs fully
to the set of odd numbers and not at
all to the set of even numbers. In such
bivalent sets, an object cannot belong
to both a set and its complement set or
to neither of the sets. This principle pre-
serves the structure of logic and avoids
the contradiction of an object that both
is and is not a thing at the same time. 

Sets that are fuzzy, or multivalent,
break the law of the excluded middleÑ
to some degree. Items belong only par-
tially to a fuzzy set. They may also be-
long to more than one set. Even to just
one individual, the air may feel cool,
just right and warm to varying degrees.
Whereas the boundaries of standard
sets are exact, those of fuzzy sets are
curved or taper oÝ, and this curvature
creates partial contradictions. The air
can be 20 percent coolÑand at the
same time, 80 percent not cool.

Fuzzy degrees are not the same as
probability percentages, a point that has
eluded some critics of the Þeld. Proba-
bilities measure whether something will
occur or not. Fuzziness measures the de-
gree to which something occurs or some
condition exists. The statement ÒThere
is a 30 percent chance the weather will
be coolÓ conveys the probability of cool
weather. But ÒThe morning feels 30 per-
cent coolÓ means that the air feels cool
to some extentÑand at the same time,
just right and warm to varying extents. 

The only constraint on fuzzy logic is
that an objectÕs degrees of membership
in complementary groups must sum to
unity. If the air seems 20 percent cool,
it must also be 80 percent not cool. In
this way, fuzzy logic just skirts the bi-
valent contradictionÑthat something
is 100 percent cool and 100 percent not
coolÑthat would destroy formal logic.
The law of the excluded middle holds
merely as a special case in fuzzy logic,
namely when an object belongs 100
percent to one group. 

The modern study of fuzzy logic and
partial contradictions had its origins ear-
ly in this century, when Bertrand Rus-
sell found the ancient Greek paradox at
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Fuzzy Logic 
The binary logic of modern computers often falls short 
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the core of modern set theory and log-
ic. According to the old riddle, a Cretan
asserts that all Cretans lie. So, is he ly-
ing? If he lies, then he tells the truth
and does not lie. If he does not lie, then
he tells the truth and so lies. Both cas-
es lead to a contradiction because the
statement is both true and false. Rus-
sell found the same paradox in set the-
ory. The set of all sets is a set, and so it
is a member of itself. Yet the set of all
apples is not a member of itself be-
cause its members are apples and not
sets. Perceiving the underlying contra-
diction, Russell then asked, ÒIs the set
of all sets that are not members of them-
selves a member of itself?Ó If it is, it isnÕt;
if it isnÕt, it is. 

Faced with such a conundrum, classi-
cal logic surrenders. But fuzzy logic says
that the answer is half true and half
false, a 50Ð50 divide. Fifty percent of
the CretanÕs statements are true, and
50 percent are false. The Cretan lies 50
percent of the time and does not lie the
other half. When membership is less
than total, a bivalent system might sim-

plify the problem by rounding it down
to zero or up to 100 percent. Yet 50 per-
cent does not round up or down.

In the 1920s, independent of Rus-
sell, the Polish logician Jan Lukasiewicz
worked out the principles of multival-
ued logic, in which statements can take
on fractional truth values between the
ones and zeros of binary logic. In a 1937
article in Philosophy of Science, quantum
philosopher Max Black applied multi-
valued logic to lists, or sets of objects,
and in so doing drew the Þrst fuzzy set
curves. Following RussellÕs lead, Black
called the sets Òvague.Ó 

Almost 30 years later LotÞ A. Zadeh,
then chair of the electrical engineering
department at the University of Califor-
nia at Berkeley, published ÒFuzzy Sets,Ó
a landmark paper that gave the Þeld its
name. Zadeh applied LukasiewiczÕs log-
ic to every object in a set and worked
out a complete algebra for fuzzy sets.
Even so, fuzzy sets were not put to use
until the mid-1970s, when Ebrahim H.
Mamdani of Queen Mary College in Lon-
don designed a fuzzy controller for a

steam engine. Since then, the term Òfuz-
zy logicÓ has come to mean any math-
ematical or computer system that rea-
sons with fuzzy sets.

F
uzzy logic is based on rules of
the form Òif . . . thenÓ that convert
inputs to outputsÑone fuzzy set

into another. The controller of a carÕs air
conditioner might include rules such as
ÒIf the temperature is cool, then set the
motor speed on slowÓ and ÒIf the tem-
perature is just right, then set the mo-
tor speed on medium.Ó The tempera-
tures (cool, just right) and the motor
speeds (slow, medium) name fuzzy sets
rather than speciÞc values.

To build a fuzzy system, an engineer
might begin with a set of fuzzy rules
from an expert. An engineer might de-
Þne the degrees of membership in vari-
ous fuzzy input and output sets with
sets of curves. The relation between the
input and output sets could then be
plotted. Given the rule ÒIf the air feels
cool, then set the motor to slow,Ó the in-
puts (temperature) would be listed along

SCIENTIFIC AMERICAN July 1993       77

BUILDING MACHINES THAT UNDERSTAND the vagueness of
the real world is the goal of those working on fuzzy logic.

Fuzzy logic can model and control nuances overlooked by
the binary logic of conventional computers.
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one axis of a graph and the outputs 
(motor speed) along a second axis. The
product of these fuzzy sets forms a
fuzzy patch, an area that represents the
set of all associations that the rule forms
between those inputs and outputs.

The size of the patch reßects the ruleÕs
vagueness or uncertainty. The more
precise the fuzzy set, the smaller it be-
comes. If ÒcoolÓ is precisely 68 degrees
Fahrenheit, the fuzzy set collapses to a
spike. If both the cool and slow fuzzy
sets are spikes, the rule patch is a point.

The rules of a fuzzy system deÞne a
set of overlapping patches that relate a
full range of inputs to a full range of
outputs. In that sense, the fuzzy sys-
tem approximates some mathematical
function or equation of cause and ef-
fect. These functions might be laws that
tell a microprocessor how to adjust the
power of an air conditioner or the speed
of a washing machine in response to
some fresh measurement.

Fuzzy systems can approximate any
continuous math function. One of us
(Kosko) proved this uniform conver-
gence theorem by showing that enough
small fuzzy patches can suÛciently cov-
er the graph of any function or input/
output relation. The theorem also shows
that we can pick in advance the maxi-
mum error of the approximation and be
sure there is a Þnite number of fuzzy
rules that achieve it. A fuzzy system rea-

sons, or infers, based on its rule patches.
Two or more rules convert any incom-
ing number into some result because
the patches overlap. When data trigger
the rules, overlapping patches Þre in
parallelÑbut only to some degree.

Imagine a fuzzy air conditioner that
relies on Þve rules and thus Þve patches
to match temperatures to motor speeds.
The temperature sets (cold, cool, just
right, warm and hot) cover all the pos-
sible fuzzy inputs. The motor speed sets
(very slow, slow, medium, fast and very
fast) describe all the fuzzy outputs. A
temperature of, say, 68 degrees F might
be 20 percent cool (80 percent not cool)
and 70 percent just right (30 percent
not just right). At the same time, the air
is also 0 percent cold, warm and hot.
The Òif coolÓ and Òif just rightÓ rules
would Þre and invoke both the slow and
medium motor speeds.

The two rules contribute proportion-
ally to the Þnal motor speed. Because
the temperature was 20 percent cool,
the curve describing the slow engine
speed must shrink to 20 percent of its
height. The ÒmediumÓ curve must shrink
to 70 percent. Summing those two re-
duced curves produces the Þnal curve
for the fuzzy output set.

In its fuzzy form, such an output
curve does not assist controllers that
act on binary instructions. So the Þnal
step is a process of defuzziÞcation, in

which the fuzzy output curve is turned
into a single numerical value. The most
common technique is to compute the
center of mass, or centroid, of the area
under the curve. In this instance, the
centroid of the fuzzy output curve
might correspond to a motor speed of
47 revolutions per minute. Thus, begin-
ning with a quantitative temperature
input, the electronic controller can rea-
son from fuzzy temperature and mo-
tor speed sets and arrive at an appro-
priate and precise speed output. 

All fuzzy systems reason with this
Þre-and-sum techniqueÑor something
close to it. As systems become more
complex, the antecedents of the rules
may include any number of terms con-
joined by ÒandÓ or disjoined by Òor.Ó An
advanced fuzzy air conditioner might
use a rule that says, ÒIf the air is cool
and the humidity is high, then set the
motor to medium.Ó 

F
uzzy products use both micro-
processors that run fuzzy infer-
ence algorithms and sensors that

measure changing input conditions.
Fuzzy chips are microprocessors de-
signed to store and process fuzzy rules.
In 1985 Masaki Togai and Hiroyuki Wa-
tanabe, then working at AT&T Bell Lab-
oratories, built the Þrst digital fuzzy
chip. It processed 16 simple rules in
12.5 microseconds, a rate of 0.08 mil-
lion fuzzy logical inferences per second.
Togai InfraLogic, Inc., now oÝers chips
based on Fuzzy Computational Acceler-
ation hardware that processes up to two
million rules per second. Most micro-
processor Þrms currently have fuzzy
chip research projects. Fuzzy products
largely rely on standard microproces-
sors that engineers have programmed
with a few lines of fuzzy inference code.
Although the market for dedicated fuz-
zy chips is still tiny, the value of micro-
processors that include fuzzy logic al-
ready exceeds $1 billion.

The most famous fuzzy application
is the subway car controller used in
Sendai, which has outperformed both
human operators and conventional au-
tomated controllers. Conventional con-
trollers start or stop a train by reacting
to position markers that show how far
the vehicle is from a station. Because
the controllers are rigidly programmed,
the ride may be jerky: the automated
controller will apply the same brake
pressure when a train is, say, 100 me-
ters from a station, even if the train is
going uphill or downhill.

In the mid-1980s engineers from Hi-
tachi used fuzzy rules to accelerate,
slow and brake the subway trains more
smoothly than could a deft human op-
erator. The rules encompassed a broad
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SET THEORY underlies the diÝerence between standard and fuzzy logic. In stan-
dard logic, objects belong to a set fully or not at all (top left ). Objects belong to a
fuzzy set only to some extent (top right ) and to the setÕs complement to some ex-
tent. Those partial memberships must sum to unity (bottom). If 55 degrees is 50
percent Òcool,Ó it is also 50 percent Ònot cool.Ó
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range of variables about the ongoing
performance of the train, such as how
frequently and by how much its speed
changed and how close the actual speed
was to the maximum speed. In simulat-
ed tests the fuzzy controller beat an au-
tomated version on measures of ridersÕ
comfort, shortened riding times and
even achieved a 10 percent reduction in
the trainÕs energy consumption. Today
the fuzzy system runs the Sendai sub-
way during peak hours and runs some
Tokyo trains as well. Humans operate
the subway during nonpeak hours to
keep up their skills.

Companies in Japan and Korea are
building an array of fuzzy consumer
goods that oÝer more precise control
than do conventional ones. Fuzzy wash-

ing machines adjust the wash cycle to
every set of clothes, changing strategies
as the clothes become clean. A fuzzy
washing machine gives a Þner wash
than a ÒdumbÓ machine with Þxed com-
mands. In the simplest of these ma-
chines, an optical sensor measures the
murk or clarity of the wash water, and
the controller estimates how long it
would take a stain to dissolve or satu-
rate in the wash water. Some machines
use a load sensor to trigger changes in
the agitation rate or water temperature.
Others shoot bubbles into the wash 
to help dissolve dirt and detergent. A
washing machine may use as few as 10
fuzzy rules to determine a wide variety
of washing strategies.

In cameras and camcorders, fuzzy

logic links image data to various lens
settings. One of the Þrst fuzzy camcord-
ers, the Canon hand-held H800, which
was introduced in 1990, adjusts the au-
tofocus based on 13 fuzzy rules. Sen-
sors measure the clarity of images in six
areas. The rules take up about a kilobyte
of memory and convert the sensor data
to new lens settings.

Matsushita relies on more rules to
cancel the image jitter that a shaking
hand causes in its small Panasonic cam-
corders. The fuzzy rules infer where the
image will shift. The rules heed local
and global changes in the image and
then compensate for them. In contrast,
camcorder controllers based on mathe-
matical models can compensate for no
more than a few types of image jitter.
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APPLICATION OF FUZZY LOGIC to the control of an air con-
ditioner shows how manipulating vague sets can yield pre-
cise instructions. The air conditioner measures air tempera-
ture and then calculates the appropriate motor speed. The
system uses rules that associate fuzzy sets of temperatures,
such as Òcool,Ó to fuzzy sets of motor outputs, such as Òslow.Ó
Each rule forms a fuzzy patch. A chain of patches can approx-

imate a performance curve or other function (top). If a tem-
perature of 68 degrees Fahrenheit is 20 percent ÒcoolÓ and 70
percent Òjust rightÓ (bottom left), two rules Þre, and the sys-
tem tries to run its motor at a speed that is 20 percent ÒslowÓ
and 70 percent ÒmediumÓ (bottom right ). The system arrives
at an exact motor speed by Þnding the center of mass, or cen-
troid, for the sum of the motor output curves.
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Systems with fuzzy controllers are of-
ten more energy eÛcient because they
calculate more precisely how much pow-
er is needed to get a job done. Mitsu-
bishi and KoreaÕs Samsung report that
their fuzzy vacuum cleaners achieve
more than 40 percent energy savings
over nonfuzzy designs. The fuzzy sys-
tems use infrared light-emitting diodes
to measure changes in dust ßow and so
to judge if a ßoor is bare. A four-bit mi-
croprocessor measures the dust ßow to
calculate the appropriate suction pow-
er and other vacuum settings.

Automobiles also beneÞt from fuzzy
logic. General Motors uses a fuzzy trans-
mission in its Saturn. Nissan has pat-
ented a fuzzy antiskid braking system,
fuzzy transmission system and fuzzy
fuel injector. One set of fuzzy rules in
an on-board microprocessor adjusts the
fuel ßow. Sensors measure the throttle
setting, manifold pressure, radiator wa-
ter temperature and the engineÕs revolu-
tions per minute. A second set of fuzzy
rules times the engine ignition based on
the revolutions per minute, water tem-
perature and oxygen concentration. 

One of the most complex fuzzy sys-
tems is a model helicopter, designed
by Michio Sugeno of the Tokyo Insti-
tute of Technology. Four elements of
the craftÑthe elevator, aileron, throttle
and rudderÑrespond to 13 fuzzy voice
commands, such as Òup,Ó ÒlandÓ and
Òhover.Ó The fuzzy controller can make
the craft hover in place, a diÛcult task
even for human pilots. 

A few fuzzy systems manage infor-
mation rather than devices. With fuzzy
logic rules, the Japanese conglomerate
Omron oversees Þve medical data bases

in a health management system for
large Þrms. The fuzzy systems use 500
rules to diagnose the health of some
10,000 patients and to draw up person-
alized plans to help them prevent dis-
ease, stay Þt and reduce stress. Other
companies, including Hitachi and Ya-
maichi Securities, have built trading pro-
grams for bonds or stock funds that
use fuzzy rules to react to changes in
economic data.

T
he AchillesÕ heel of a fuzzy sys-
tem is its rules. Almost all the
fuzzy consumer products now

on the market rely on rules supplied by
an expert. Engineers then engage in a
lengthy process of tuning those rules
and the fuzzy sets. To automate this
process, some engineers are building
adaptive fuzzy systems that use neural
networks or other statistical tools to
reÞne or even form those initial rules.

Neural networks are collections of
ÒneuronsÓ and ÒsynapsesÓ that change
their values in response to inputs from
surrounding neurons and synapses.
The neural net acts like a computer be-
cause it maps inputs to outputs. The
neurons and synapses may be silicon
components or equations in software
that simulate their behavior. A neuron
adds up all the incoming signals from
other neurons and then emits its own
response in the form of a number. Sig-
nals travel across the synapses, which
have numerical values that weight the
ßow of neuronal signals. When new in-
put data Þre a networkÕs neurons, the
synaptic values can change slightly. A
neural net ÒlearnsÓ when it changes the
value of its synapses.

Depending on the available data, net-
works can learn patterns with or with-
out supervision. A supervised net learns
by trial and error, guided by a teacher.
A human may point out when the net-
work has erredÑwhen it has emitted a
response that diÝers from the desired
output. The teacher will correct the re-
sponses to sample data until the net-
work responds correctly to every input.

Supervised networks tune the rules
of a fuzzy system as if they were syn-
apses. The user provides the Þrst set 
of rules, which the neural net reÞnes
by running through hundreds of thou-
sands of inputs, slightly varying the fuz-
zy sets each time to see how well the
system performs. The net tends to keep
the changes that improve performance
and to ignore the others. 

A handful of products in Japan now
use supervised neural learning to tune
the fuzzy rules that control their oper-
ation. Among them are SanyoÕs micro-
wave oven and several companiesÕ wash-
ing machines. Sharp employs this tech-
nique to modify the rules of its fuzzy
refrigerator so that the device learns
how often its hungry patron is likely to
open the door and adjusts the cooling
cycle accordingly. So far the neural net
must learn ÒoÝ-lineÓ in the laboratory,
from small samples of behavior by av-
erage customers. In time, researchers
at such groups as JapanÕs Laboratory for
International Fuzzy Engineering and the
Fuzzy Logic Systems Institute hope to
build fuzzy systems that will adapt to
the needs of each consumer.

Supervised networks do have draw-
backs. Tuning such systems can take
hours or days of computer time be-
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elations between sets show the paradox at the heart
of fuzzy logic. In standard sets, an object either does

or does not belong to a set: the glass of water is either
empty or full. Fuzzy sets cover a continuum of partial sets,
such as glasses only half full (left).

Two objects or two sets define a two-dimensional space
(right). Standard set theory holds only at the corners of
the square, where the values are either 1 or 0. The mid-
point, the fuzziest point in the square, cannot be rounded
off to a corner.

Fuzzy Sets and Paradoxes
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as the point A. The union and intersection of a fuzzy set A
and its complement A* lie at the corners of an interior
square. In contrast, the union or intersection of a stan-
dard set and its complement results in the total set or the
empty set at the square’s corners, respectively.
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cause networks may converge on an in-
appropriate solution or rule or may fail
to converge at all. Neural researchers
have proposed hundreds of schemes to
alleviate this problem, but none has 
removed it. Even after a lengthy tuning
session, the Þnal rules may not be much
better than the Þrst set.

Rather than relying on an expert to
supply a training set of data and cor-
rect a network in the process of learn-
ing, unsupervised neural networks learn
simply by observing an expertÕs deci-
sions. In this way, an adaptive fuzzy
system can learn to spot rule patterns
in the incoming data. Broad rule patch-
es form quickly, based on a few inputs.
Those patches are reÞned over time.

U
nsupervised neural networks
blindly cluster data into groups,
the members of which resemble

one another. There may be no given
right or wrong response or way to orga-
nize the data. The algorithms are sim-
pler, and, at least in theory, the network
need run through the data just once. (In
some cases, when data are sparse, the
neural net must cycle through them re-
peatedly.) Unsupervised learning is thus
much faster than supervised learning.
With numerical inputs and outputs sup-
plied by an expert or a physical pro-

cess or even an algorithm, an unsuper-
vised neural network can Þnd the Þrst
set of rules for a fuzzy system. The
quality of the rules depends on the
quality of the data and therefore on 
the skills of the expert who generates
the data. At this point, there are fewer
unsupervised than supervised adaptive
fuzzy systems. Because unsupervised
networks are best used to create rules
and supervised networks are better at
reÞning them, hybrid adaptive fuzzy
systems include both.

Most fuzzy systems have been con-
trol systems with few variables. That
trend happened because most of the
Þrst fuzzy logic engineers were con-
trol theorists and because a control loop
regulates most consumer products. The
challenge for the next generation of fuz-
zy research will be tackling large-scale,
nonlinear systems with many variables.
These problems can arise when people
try to supervise manufacturing plants
or schedule airline ßights or model the
economy. No experts may be able to
describe such systems. Common sense
may falter or not apply. The neural nets
that must learn the rules for modeling
these hard problems may have little or
no data to go on. 

A further problem is that, like any
other mathematical or computer mod-

el, fuzzy logic falls prey to the Òcurse
of dimensionalityÓ: the number of fuz-
zy rules tends to grow exponentially as
the number of system variables increas-
es. Fuzzy systems must contend with a
trade-oÝ. Large rule patches mean the
system is more manageable but also
less precise. Even with that trade-oÝ,
fuzzy logic can often better model the
vagueness of the world than can the
black-and-white concepts of set theory.
For that reason, fuzzy logic systems may
well Þnd their way into an ever grow-
ing number of computers, home appli-
ances and theoretical models. The next
century may be fuzzier than we think.
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daptive systems called neural networks can help fuz-
zy systems learn rules. A neural network accepts

pairs of input and output data, such as temperatures and
motor speeds for air conditioners, and groups them into 
a small number of prototypes, or classes. Within the net-
work, each prototype acts as a quantization vector—a 
list of numbers—that stands for the synapses feeding into

a neuron. When a new data point enters the network, 
it stimulates the neuron associated with the prototype
that matches the data most closely. The values of the
“winning” synapses adjust to reflect the data they are re-
ceiving. As the data cluster, so do the quantization vec-
tors, which define rule patches. More data lead to more
numerous and precise patches.

How Fuzzy Systems Learn Rules

A
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D
uring the 1920s and 1930s, Ed-
win Powell Hubble changed the
scientiÞc understanding of the

universe more profoundly than had any
astronomer since Galileo. Much as Gali-
leo banished the earth from the center
of the solar system, Hubble proved that,
rather than being unique, the Milky Way
is but one of untold millions of galax-
ies, or Òisland universes.Ó HubbleÕs work
also helped to replace the notion of a
static cosmos with the startling view
that the entire universe is expanding,
the ultimate extension of GalileoÕs deÞ-
ant (if apocryphal) assertion, ÒYet still
it moves.Ó Although many researchers
contributed to those revolutionary dis-
coveries, HubbleÕs energetic drive, keen
intellect and supple communication
skills enabled him to seize the prob-
lem of the construction of the universe
and make it peculiarly his own.

HubbleÕs early years have become en-
meshed in myth, in part because of his
desire to play the hero and in part be-
cause of the romanticized image of him
recorded by his wife, Grace, in her jour-
nals. Many accounts of Hubble conse-

quently bear little relation to the real
man. For example, his biographers often
state that he was a professional-caliber
boxer, yet there is no evidence to sup-
port that claim. Likewise, the oft-repeat-
ed story that he was wounded during
service in World War I seems to have
no basis in fact. 

Even without such embellishments,
HubbleÕs life has the ring of an all-Amer-
ican success story. The Hubble family
established itself in Missouri in 1833,
when EdwinÕs great-grandfather rode
horseback from Virginia to settle in what
is now Boone County. EdwinÕs grandfa-
ther and his father, John P. Hubble, were
hard-working, moderately prosperous
insurance agents. His mother, Virginia
Lee James Hubble, was ninth in direct
descent from Miles Standish. With char-
acteristic overexuberance, Grace Hub-
ble described her husbandÕs ancestors
thus: ÒTall, well-made, strong, their bod-
ily inheritance had come down to him,
even to the clear, smooth skin that
tanned in the sun, and the brown hair
with a glint of reddish gold. They had
handed down their traditions as well,
integrity, loyalty as citizens, loyalty to
their families . . . and a sturdy reliance
on their own eÝorts.Ó

E
dwin was born in MarshÞeld, Mo.,
on November 20, 1889, the third
of seven children who survived.

In 1898 the Hubbles moved to Evan-
ston, Ill., and, two years later, to Whea-
ton, where Edwin showed a robust apti-
tude for both academics and athletics.
He became a star athlete at Wheaton
High School, especially on the track
team. During those years, Edwin also
consistently placed in the top quarter
of his class. At the age of 16, he en-
tered the University of Chicago, where
he continued to display his twin talents.
He earned high grades in mathematics,
chemistry, physics, astronomy and lan-
guages. Despite being two years young-

er than most of his classmates, he won
letters in track and basketball.

After graduation, Hubble received a
Rhodes scholarship. Even then, it was
far from clear what direction his wide-
ranging abilities would Þnally take.
When he Òwent upÓ to QueenÕs College
at the University of Oxford in October
1910, Hubble ÒreadÓ (studied) jurispru-
dence; both his father and grandfather
hoped he would become a lawyer. Af-
ter completing the course in two years
with Òsecond-class honors,Ó he switched
to Spanish in his third year. He also con-
tinued to participate actively in sports. 

Edwin remained a Rhodes scholar for
three years and then rejoined his fami-
ly, who had since moved to Kentucky.
He claimed to have passed the bar and
practiced law in Louisville. According
to HubbleÕs friend Nicholas U. Mayall, he
Òchucked the law for astronomy, and I
knew that even if I were second-rate or
third-rate, it was astronomy that mat-
tered.Ó No record of HubbleÕs bar exam
or of his law practice exists, however.
Rather, during this time he taught and
coached basketball at the high school in
New Albany, Ind., just across the Ohio
River from Louisville.

Uninterested in the law and unsatis-
Þed by his life as a teacher, Hubble de-
cided to return to his true passion, as-
tronomy. In the spring of 1914 Hubble
wrote Forest Ray Moulton, his astrono-
my professor at Chicago, to ask about
the possibility of returning as a gradu-
ate student. Moulton enthusiastically rec-
ommended him to Edwin B. Frost, the
director of Yerkes Observatory in Wil-
liams Bay, Wis., where the graduate pro-
gram was given.

Frost gladly accepted Hubble as a stu-
dent and gave him a scholarship cover-
ing tuition and living expenses. The
American Astronomical Society was to
meet at Northwestern University in near-
by Evanston in August 1914; Frost sug-
gested that Hubble come north in time
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Edwin Hubble
and the Expanding Universe

More than any other individual, he shaped 
astronomers’ present understanding of an expanding 

universe populated by a multitude of galaxies
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for the event. Thus it happened that
Hubble was present at the meeting when
Vesto M. Slipher, a quiet, modest astron-
omer at Lowell Observatory, fueled a
controversy as a result of his latest stud-
ies of nebulae.

ÒNebulaeÓ was a blanket term used by
astronomers for centuries to designate
faint, cloudy objects that, unlike com-
ets, do not change in position or appear-
ance. The nature of these objects deÞed
easy explanation. In 1755 Immanuel

Kant had postulated that some nebulae
might be so-called island universesÑ
self-contained systems of stars like our
own Milky Way. That notion excited
many scientistsÕ imagination but could
not be easily proved.

During the 19th century, improved tel-
escopic observations showed that many
nebulae deÞnitely consist of clouds of
luminous gas. One noteworthy class of
spiral-shaped nebulae looks distinctly
unlike the others, however. By the be-

ginning of the 20th century, many as-
tronomers had come to believe that spi-
ral nebulae were in fact distant galaxies
composed of a multitude of stars; skep-
tics continued to argue that these ob-
jects were nearby structures, possibly in-
fant stars in the process of formation.

At the 1914 Astronomical Society
meeting, Slipher personally presented
the Þrst well-exposed, well-calibrated
photographs of the spectra of spiral neb-
ulae. Those photographs displayed light
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EDWIN HUBBLE drew on his observing experience, personal
drive and access to top facilities to make a series of ground-

breaking cosmological discoveries. He is seen here in the ob-
serving cage of the 200-inch Hale telescope, circa 1950.
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from the nebulae after it had been split
into its constituent rainbow of colors.
The spectra of stars contain dark lines,
called absorption lines, caused by radi-
ation captured by atoms in the stellar
atmospheres. Slipher showed that the
spectra of spiral nebulae exhibit the
kinds of absorption-line spectra char-
acteristic of collections of stars. 

Moreover, Slipher found that the wave-
lengths of the nebular absorption lines
are signiÞcantly oÝset from where they
appear in the laboratory. Such changes
in wavelength, or Doppler shifts, are
caused by the motion of the object emit-
ting the light toward or away from the

earth. The Doppler shifts indicated that
the spiral nebulae observed by Slipher
are moving far faster than is typical for
stars within the Milky Way and hence
strengthened the argument that the spi-
ral nebulae are not part of our galaxy. 

When Hubble arrived at Yerkes Ob-
servatory, he found a near-moribund in-
stitution engaging in routine research.
Undaunted, Hubble set out in his own
direction. Possibly inspired by SlipherÕs
presentation, he began an intriguing pro-
gram of photographing nebulae using
the observatoryÕs underused 24-inch re-
ßecting telescope. That work grew into
his Ph.D. thesis, ÒPhotographic Investiga-

tions of Faint Nebulae,Ó which contains
foreshadowings of his later research on
galaxies and on cosmology. 

Hubble described and classiÞed the
numerous small, faint nebulae that did
not resemble diÝuse clouds of gas and
noted that most of those nebulae are
not spiral but elliptical. He emphasized
that the distribution of faint nebulae
avoids the parts of the sky near the Mil-
ky Way and that many of them appear
clustered together. Hubble left no doubt
as to the direction of his thinking. ÒSup-
pose them to be extra-sidereal and per-
haps we see clusters of galaxies; sup-
pose them within our system, their na-
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HUBBLEÕS FAMILY helped to instill in him an appreciation of
self-motivation and hard work. Here he is seen with his cous-
ins; Hubble appears third from the left (top left). At the time
of his graduation from the University of Chicago (top mid-
dle), Hubble considered a career in law. This pose of Hubble

with his sister Lucy, a Red Cross nurse, captures his sense of
pride in uniform (top right ). Hubble often went on weekend
outings, such as this one with his high school students and
their family members (bottom left ). Late in life, he came to en-
joy the solitary pleasures of ßy-Þshing (bottom right ).
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ture becomes a mystery,Ó he wrote. Hub-
bleÕs thesis is technically sloppy and
confused in its theoretical ideas, but it
clearly shows the hand of a great scien-
tist groping toward the solution of a
profound problem.

In October 1916 Hubble correspond-
ed with George Ellery Hale, the director
of Mount Wilson Observatory in Pasa-
dena, Calif. Hale was scouting for staÝ
members to work with the 100-inch re-
ßecting telescope nearing completion
on Mount Wilson. Hale oÝered Hubble
a job, conditional on the completion of
his doctorate. Hubble hoped to Þnish
the following June and then take the job
at Mount Wilson. 

Those plans were scuttled by the en-
try of the U.S. into World War I on April
6, 1917. Hubble, a former Rhodes schol-
ar who had deep emotional ties to Great
Britain, decided that patriotic duty took
precedence over scientiÞc pursuits. On
May 15, just three days after receiving
his degree, he reported for duty and be-
gan an oÛcer training course. 

Hubble thrived in the military setting.
He became a battalion commander and
next a major in the 86th ÒBlack HawkÓ
Division. In September 1918 the divi-
sion embarked for Europe, but, much
to HubbleÕs regret, the Armistice arrived
before he went into combat. He summed
up his military career to Frost in these
words: ÒI am still a major. I barely got
under Þre and altogather [sic] I am dis-
appointed in the matter of the War.
However, that Chapter is Þnished and
another is opening.Ó

Hubble was discharged on August 20,
1919, whereupon he immediately went
to Mount Wilson. He had arrived at an
opportune time. The observatory now
had two huge reßecting telescopes, a
60-inch and the new 100-inch, then the
largest in the world. HubbleÕs studies
at Yerkes had taught him how to make
eÛcient use of such telescopes, and his

Ph.D. research had imparted a Þrm di-
rection to his investigations. 

Milton L. Humason, who later collabo-
rated with Hubble on his studies of the
distant universe, vividly recalled Hub-
bleÕs Þrst observing session at Mount
Wilson: ÒÔSeeingÕ that night was rated as
extremely poor on our Mount Wilson
scale, but when Hubble came back from
developing his plate he was jubilant. ÔIf
this is a sample of poor seeing condi-
tions,Õ he said, ÔI shall always be able to
get usable photographs with the Mount
Wilson instruments.Õ The conÞdence and
enthusiasm which he showed on that
night were typical of the way he ap-
proached all his problems. He was sure
of himselfÑof what he wanted to do,
and of how to do it.Ó

H
ubble promptly returned to the
question of the nature of the
Ònongalactic nebulae,Ó those

whose Òmembers tend to avoid the gal-
actic plane and concentrate in high gal-
actic latitudes.Ó At the time, he had not
yet fully accepted the notion that these
objects are galaxies outside our own.
He initiated his detailed study of non-
galactic nebulae by concentrating on
the irregular object NGC 6822 (ÒNGCÓ
denotes J.L.E. DreyerÕs New General Cat-

alog of nebulae). By 1923, using the
100-inch telescope, he had found sev-
eral small nebulae and 12 variable stars
within NGC 6822. 

This endeavor suffered a happy inter-
ruption in 1924, when Hubble married
Grace Burke Leib, a widow whose Þrst
husband had died in an accident in a
coal mine in 1921. Grace had met Edwin
during a trip to Mount Wilson in 1920
and idolized him for the rest of her life.
Years later she recalled her electrifying
Þrst impression of Edwin as Òan Olym-
pian, tall, strong and beautiful, with the
shoulders of the Hermes of Praxiteles,
and the benign serenity.Ó 

The newlyweds honeymooned in
Carmel and in Europe. Hubble then re-
turned to Pasadena, where he turned his
attention to M31, the famous Androm-
eda galaxy. Drawing on his well-honed
observing skills and the unequaled ca-
pabilities of the giant 100-inch telescope,
Hubble managed to resolve distinctly
six variable stars in M31. To HubbleÕs
mind, the achievement unequivocally
conÞrmed that M31 is a remote system
composed of stars and, by implication,
that other, fainter spiral nebulae are
even more distant galaxies.

Although the brightest star that Hub-
ble detected was only about 18th mag-
nitude at its maximumÑ60,000 times
fainter than the dimmest stars visible
to the naked eyeÑhe managed to make
83 measurements of its brightness, an
impressive feat at the time. From these
data, he determined that the starÕs
brightness rose and fell in the manner
characteristic of a class of stars known
as Cepheid variables. These stars were
of tremendous interest because the pe-
riod of variation of a Cepheid directly
relates to the starÕs absolute luminosi-
ty. By comparing that luminosity with
his observations of the starÕs apparent
brightness, Hubble was able to deduce
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the distance to the star and its surround-
ing galaxy. 

A demon of energy, Hubble made dis-
coveries in rapid succession. By the end
of 1924 he had identiÞed several more
Cepheid variables in M31 and in M33, a
spiral galaxy in the constellation Trian-
gulum. He sent a paper describing his
results to the joint American Astronom-
ical SocietyÐAmerican Association for
the Advancement of Science meeting in
Washington, D.C., where the eminent
astrophysicist Henry Norris Russell read
the paper for him on January 1, 1925.
Hubble had deduced that both M31
and M33 are about 930,000 light-years
distant, far beyond the known bounds
of the Milky Way. In the words of Joel
Stebbins, the astronomical societyÕs sec-
retary, Hubble had succeeded at last in
Òbringing conÞrmation to the so-called
island universe theory.Ó 

In contrast to the rapid progress of
his research, Hubble published his re-
sults in a leisurely fashion, trying to be
as certain as possible before commit-
ting them to print. The Þrst paper con-
taining HubbleÕs results from his stud-
ies of variable stars in spiral nebulae
appeared later in 1925. Based on ob-
servations of Cepheids in NGC 6822,
he declared it to be Òthe Þrst object def-
initely assigned to a region outside the
galactic system.Ó HubbleÕs epochal pa-
per, ÒA Spiral Nebula as a Stellar Sys-
tem,Ó presenting his evidence that M33
also is a galaxy lying far outside our
own, appeared in 1926. Not until 1929
did Hubble wrap up this phase of his re-
search in a long paper that Þnally laid

out in full detail his studies of the dis-
tance to and stellar composition of M31.

In addition to determining the dis-
tance to the Òextra-galactic nebulae,Ó
Hubble sought to classify them and to
comprehend their diversity of structure.
Starting in 1923, he ordered the nebu-
lae according to a perceived pattern of
evolution. As an elliptical nebula ages,
Hubble argued, it forms arms that en-
large and open up. To explain the exis-
tence of barred spirals, in which the spi-
ral arms trail from a barlike formation,
Hubble suggested that the elliptical
could evolve into either a normal spiral
or the barred form. The resulting dou-
ble-pronged classiÞcation diagram is still
widely used, though stripped of its evo-
lutionary implications. 

B
y far HubbleÕs most remarkable
bequest to modern science was
his research showing that we live

in an expanding universe. Hints of that
phenomenon had begun to surface well
before Hubble tackled the problem. Dur-
ing the 1910s, Slipher had noticed that
most of the galaxies he observed seemed
to be moving away from the sun. By
1924 a trio of astronomersÑCarl W.
Wirtz in Germany, Knut E. Lundmark in
Sweden and Ludwik W. Silberstein in
the U.S.Ñhad assembled evidence that
particularly small, and presumably dis-
tant, spiral nebulae are receding from
the Milky Way faster than nearby ones.
Their data were marginal, however, and
SilbersteinÕs polemical style and wild
claims actually hindered the acceptance
of the concept of an expanding universe. 

Clearly, further progress required a
bigger telescope; the 100-inch telescope
on Mount Wilson was ideal for the task.
In the mid-1920s Hubble was busy mea-
suring the brightnesses of stars in spi-
ral galaxies, so he enlisted his colleague
Humason to determine the galaxiesÕ ra-
dial velocitiesÑthat is, their motion to-
ward or away from the observer. Hu-
mason calculated those motions by mea-
suring the displacement of the emission
and absorption lines in the galaxiesÕ
spectra. When an object is receding, its
light is shifted toward the red end of
the spectrum, resulting in a displace-
ment called a redshift.

To search for signs of an expanding
cosmos, Hubble needed to know not
only the velocities at which galaxies are
moving but also how faraway those gal-
axies are. HubbleÕs familiarity with mea-
suring cosmic distances greatly assist-
ed this eÝort. In each of the few galax-
ies whose distances he had determined
by observing Cepheids, Hubble derived
the mean absolute magnitude of the
brightest stars and of the galaxy as a
whole. He then extrapolated from these
results to determine the distances to gal-
axies far beyond M31 and M33. 

HubbleÕs Þrst paper on a velocity-dis-
tance relation, published in 1929, sent
shock waves through the astronomical
community. The Þndings he presented
became part of the basis for the big
bang theory underpinning modern cos-
mology. In his paper Hubble emphasized
that, in contrast to some previous re-
searchers, he used Òonly those nebular
[galactic] distances which are believed
to be reliable.Ó The paper combined his
distance estimates with precision mea-
surements of radial velocities collected
by Slipher, Humason and others. 

From these data, Hubble derived a lin-
ear relation between velocity and dis-
tance, written as v = Hd in modern no-
tation. The statement that the velocities
of recession of distant galaxies are pro-
portional to their distances is now
known as the Hubble law, and the con-
stant H is referred to as the Hubble con-
stant. The Hubble law implies that the
universe is expanding: velocities seem
to increase as one looks progressively
farther outward from any point within
the universe. 

Between 1931 and 1936 Hubble and
Humason extended the law of redshifts
to increasingly great distances. Hubble
had immediately grasped that his Þnd-
ings supported the notion of an expand-
ing universe, but he never completely ac-
cepted that the redshifts resulted only
from the radial motions of galaxies. He
consistently maintained that the motions
inferred from the redshifts should be
described as Òapparent velocities.Ó
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GALAXY CLASSIFICATION scheme developed by Hubble in the 1920s assumed
that elliptical galaxies develop arms and turn into normal or barred spiral galaxies.
Astronomers have rejected HubbleÕs evolutionary theory but still use his diagram
and nomenclature to categorize the wide variety of galaxy shapes.
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Hubble estimated HÑnow understood
as the expansion rate of the universeÑ
to be about 500 kilometers per second
per megaparsec (one megaparsec equals
about three million light-years). In ret-
rospect, HubbleÕs value of the constant
was much too large. Astronomers today
Þnd values between 50 and 100 kilo-
meters per second per megaparsec. Hub-
bleÕs errors arose chießy because he se-
verely underestimated the absolute mag-
nitudes of the brightest stars in the gal-
axies he observed. Nevertheless, it was
a splendid Þrst eÝort. 

A
fter his investigation of the law of
redshifts, Hubble concentrated
his eÝorts in observational cos-

mology. In particular, he sought to mea-
sure how the apparent density of ex-
tremely remote galaxies changes with
distance, in order to determine the over-
all geometry of the universe. He collabo-
rated with physicists Richard C. Tol-
man and Howard P. Robertson of the
California Institute of Technology, who
were at the forefront of research into
theoretical models of the curvature of
space. In this work, Hubble proved less
than successful, mostly because of the
diÛculty in accurately measuring the
brightness of dim, distant galaxies.

Although his later undertakings nev-
er equaled his remarkable Þndings made
during the 1920s and early 1930s, Hub-
ble continued to sway strongly the di-
rection of astronomical research and to
make that research better known to the
public. His books The Realm of the Neb-

ulae and The Observational Approach

to Cosmology inspired a generation of
young astronomers and physicists. No-
body who read HubbleÕs books or heard
his lectures could ignore him; his com-
pelling personality seemed less like
those of other astronomers than like
those of the movie stars and writers who
became his friends in the later years of
his life. Hubble often affected English
clothes, expressions and mannerisms,
habits that colleagues who knew of his
Missouri background found unconvinc-
ing but that contributed to a dramatic
public image.

In an eÝort to push the boundaries of
observational cosmology, Hubble helped
to organize the construction of a 200-
inch Hale telescope on Mount Palomar
in California. The advent of World War
II delayed the construction of the tele-
scope; soon after the Japanese attack
on Pearl Harbor, Hubble joined the staÝ
of the U.S. ArmyÕs Ballistics Research
Laboratory at Aberdeen, Md., where he
applied his early astronomical training
to directing calculations of artillery-shell
trajectories. The 200-inch telescope Þ-
nally began operation in 1948. Hubble

continued his research at Palomar until
he died at the age of 63, felled by a
stroke on September 28, 1953. 

After HubbleÕs death, Humason and
then Rudolph L. Minkowski used the
200-inch telescope to detect ever more
remote, swiftly receding galaxies. Wal-
ter Baade recalibrated the period-lumi-
nosity relation for Cepheid variable stars
and discovered that all HubbleÕs galac-
tic distances, huge though they seemed,
needed to be multiplied by a factor of
two. HubbleÕs former student Allan
Sandage, along with innumerable other
researchers, has continued to reÞne the
value of the Hubble constant. The tri-
umphant work of HubbleÕs successors
stands as eloquent tribute to the inno-
vative thinking and boundless ener-
gy that enabled Hubble to redirect the
course of modern cosmology.
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M33, Hubble proved that it lies far beyond the known limits of the Milky Way and
hence must be an independent galaxy comparable to our own.
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Can scientists reconcile the
inevitability of economic 

development with the
preservation of rain forests?

B
ig, brown and sedate, two toads blink
in the beam of the ßashlight, while
nearby pairs of green Òeyes,Ó the phos-

phorescent markings of click beetles, move
lazily along the leaf-laden ßoor of the forest.
On this night, Barbara L. Zimmerman is try-
ing to Þnd what she calls Òthe ultimate frogÓ
for a group of visitors she is accompanying
through the dark tangle of the Brazilian rain
forest. The tropical biologist can hear her
quarryÕs barklike call, but the vivid emerald
creature, Phyllomedusa bicolor, is nowhere
to be seen.

Instead the nocturnal search reveals the
red irises of P. tarsius, the penultimate green
tree frog; Plica plica, a mint-chocolate-chip-
colored lizard; the two enormous, poisonous
toads, Bufo marinus; as well as a tireless, res-
onant frog, Osteocephalus taurinus, that re-
sides in the campÕs drainpipe. The Amazon is
like this: look for one thing, Þnd another.

Zimmerman, who formerly stalked frogs in
this forest 70 kilometers north of the city of
Manaus to study their mating patterns, now
pursues them primarily for pleasure. These
days, her research centers on people, a shift
in emphasis that is increasingly common in
the Amazon. She has come here this time 
as part of a team of tropical scientists who
are reviewing a project as well as possibili-
ties for collaborative studies. Inevitably, their
discussions turn to ways of reconciling the
preservation of the rain forest with econom-
ic development.

Many of the scientists seem resigned to the
prospect that the rain forest will, in large part,
be cut down even as they struggle to under-
stand the biological wealth of this tropical eco-
system. The Þve million square kilometers of

HARVESTING BRAZIL NUTS and other products may al-
low economic growth without destroying the Amazon.
Researchers are debating the potential of such practices.
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MARGUERITE HOLLOWAY spent a month in the Brazilian rain
forest to report this article. Traveling from one end of the Ama-
zon basin to the other, she interviewed scientists working at re-
mote research stations, native preserves, extractive reserves,
ranches and frontier logging camps.
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Amazon tree cover make up the largest
continuous expanse of tropical rain for-
est remaining in the world. Although
such forests cover only 7 percent of the
planetÕs land surface, they are inhabited
by some 50 percent of the plants and
animals found on the globe (estimates
of which range from a total of two mil-
lion to 30 million species). Most dis-
turbing of all is the fact that nobody re-
ally knows how many. But as many as
27,000 species may be consigned to ex-
tinction every year, calculates Harvard
University biologist Edward O. Wilson.
This destruction is the result of forests
being felled at a rate of 1,800 hectares
(about 4,500 acres) every hour.

The impact of these extinctions is
multifold: the rain forests have pro-
found philosophical, spiritual, cultural,
scientiÞc and economic signiÞcance. Be-
cause Brazil is considered to have the
highest species diversity on the earth,
it is the epicenter of eÝorts to stem de-
forestation. So far the country has lost

only an estimated 12 percent of its for-
est, a sign of hope to many researchers
and development experts. Yet the coun-
try has a debt burden of $121 billion,
staggering poverty and one of the most
unequal distributions of wealth in the
world. Any successful attempt to pre-
serve the forest must necessarily meet
human economic objectives.

By working with the people who live
in and use the forestÑincluding Indians,
rubber tappers, ranchers, loggers, farm-
ers and industrialistsÑscientists such
as Zimmerman hope to strike a balance
between extremes of conservation and
exploitation that will protect species and
threatened environments while foster-
ing economic development and reduc-
ing poverty. ÒDo what you can doÑjust
do something,Ó urges Don E. Wilson,
head of the biodiversity program at the
Smithsonian Institution.

These eÝorts are among the myriad
attempts to implement what is called
sustainable development. The idea was

the linchpin of the 1992 United Nations
Conference on Environment and De-
velopment, but the fashionable phrase,
which now appears in nearly every grant
or loan application, is still being deÞned.
Thus, researchers are seeking pieces of
a mosaic of development, the overall
pattern of which, like the web of biodi-
versity, can only be guessed at.

Slowly, however, some scientiÞc un-
derpinnings for sustainable develop-
ment appear to be emerging. Sometimes
the answers seem to contravene as-
sumptions about what might be ecolog-
ically sustainable. Scientists are investi-
gating how to use the millions of hec-
tares of formerly productive pasture
that lie abandoned throughout the Ama-
zon. Once cut down, the rain forest does
not necessarily become a desert but
rather a Þeld or a secondary forest that
can again be harnessed for ranching,
logging or agriculture. If this land can
be returned to productivity, it would re-
duce pressure to cut virgin forest. In-
deed, a group of researchers recently
challenged dogma by suggesting that
cattle ranchingÑlong thought to be an
ecological and economic anathemaÑ
may be a viable land use.

Whatever the project or Þnding, con-
troversy is never far oÝ in Brazil. The
country is so vast and the economic,
social and political problems so com-
plicated that every issue is labyrinth-
ine: follow the thread, and there are of-
ten several Minotaurs. One of the most
contentious topics involves the future
of indigenous people and their land. It
is on one of these Indian reserves, with
a people called the Kayap�, that Zim-
merman has chosen to work.

Zimmerman and her sponsorsÑthe
environmental group Conservation In-
ternational and the David Suzuki Foun-
dation, a Canadian nonproÞt organiza-
tionÑare setting up a scientiÞc research
station on remote Kayap� territory in
the southern reaches of the Amazon.
The villagers of Aukre, which means
Òplace where the river bottom is noisy,Ó
have set aside 5,000 hectares for the
Þeld station within the 500,000 hec-
tares of rain forest that they control.

The project will characterize the bio-
diversity of a region that has not been
extensively studied, Zimmerman ex-
plains. The ßora and fauna of the Ama-
zon vary so greatly that adjacent sites
can shelter entirely diÝerent species. 
One hectare in the eastern Amazon may
have 120 tree species, whereas a near-
by hectare may have 170. The woods
around Aukre may have creatures or
plants that are not found, or are infre-
quently seen, elsewhere in Brazil.

Many scientists have shied away from
working with Indians because the issues
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AMAZON RAIN FOREST extends into nine countries and covers 60 percent of Bra-
zilÑsome 510 million hectares (about 1.3 billion acres).
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facing them are so volatile. ÒIt is a
land mine,Ó comments Anthony B.
Anderson, program oÛcer at the
Ford Foundation in Brazil. ÒThere
are politics within the tribes and
without, as well as all of these
misconceptions about what the
Indians are supposed to be.Ó

The debate about what indige-
nous people should do with their
land is bitter. As many as 79 mil-
lion hectares have been or are in
the process of being designated
as reserves, according to Stephan
Schwartzman of the Environmen-
tal Defense Fund. To many scien-
tists and environmentalists, this
expanse represents a perfect se-
ries of places to preserve and
study biodiversity as well as na-
tive cultures. The Kayap�, for in-
stance, control 10 million hec-
tares, a region approximately the
size of Ontario.

Yet these lands are also rich in
minerals and timber and so are
ripe for economic development.
Many are illegally inÞltrated by
loggers and gold miners, such as
the territory of the Yanomami in
northern Brazil, where violence,
disease and mercury poisoning,
the last a result of the gold extrac-
tion process, are pervasive. But
the Þerce reputation of Kayap� warri-
ors has successfully deterred encroach-
ments. Some Kayap� chiefs have opted
to sell mahogany and mining rights, a
decision that has aggravated environ-
mentalists. Greenpeace, the internation-
al environment group, recently sought
to enforce a ban on mahogany logging
on the tribal landsÑan action that has,
in turn, aggravated certain Kayap�. It is
estimated that about 40 percent of the
AmazonÕs mahogany treesÑwhich, in
general, only grow in a strip across the
lower portion of the rain forestÑthrive
on reserves.

Noble Savage

Development experts and conserva-
tionists, many of whom struggle to help
establish reserves, expect that Indians
should maintain the rain forest intact.
This view has been shaped, in part, by
anthropological studies documenting
tribesÕ sustainable use of the forest and
their sophisticated agricultural systems.
Others experts argue, however, that sus-
tainability has been achieved by default:
the forest is large enough to recover
from alteration, and populations are
small enough to have limited impact.
ÒThe idea of the noble savage has real-
ly confused the issue,Ó Anderson notes.
ÒIndians, like everyone else, are oppor-

tunistic. In the past, they used resourc-
es sustainably, but not always.Ó

If ZimmermanÕs project is successful,
it could help settle the debate by sup-
plying a source of income for Indians
while simultaneously maintaining bio-
diversity. Aukre is an interesting choice
for such a site because it has experi-
enced each facet of the controversy. The
villageÕs chief, Paiakan, is famous as a
spokesperson for protecting rain forests
and tradition, as well as for being a skill-
ful politician who could unify previous-
ly warring tribes in the face of develop-
ers. Yet other villagers have disagreed
with his view. In addition, Paiakan can
no longer easily be an advocate for in-
digenous people in the Amazon: he has
reportedly been charged with attempt-
ed rape and is awaiting trial.

The region around the reserve is as
scarred as the tribe. The ßight north-
west from Reden��oÑa frontier town
whose economy is based on minerals
and mahogany from Kayap� landÑto
Aukre oÝers a view of the entire spec-
trum of development. Ranches, logged
plots and rivers disÞgured by gold min-
ers are slowly replaced by uninterrupt-
ed forest. On the ground, the new re-
search site appears intact, although it
is bordered on one side by an old log-
ging road. The station stands in the
middle of a clearing just oÝ a river, 

an hour by canoe from Aukre.
Bright-blue morpho butterßies ßit
down trails pockmarked with ta-
pir tracks, and the wolf whistle 
of screaming pia birds rings out
from the canopy.

Zimmerman intends to Þll this
place with graduate students and
researchers who will study the for-
est and work with the Kayap�. She
notes that natives have a diÝer-
ent way of knowing the forestÑ
for instance, men called mateiros

can identify hundreds of trees by
smell alone. She expects that such
collaboration will yield medicinal
plants or new crops and perhaps
a strategy for the sustainable har-
vesting of mahogany.

In turn, the project is expected
to bring income to Aukre. Scien-
tists will buy local products, eco-
logical tours may visit the site 
under ZimmermanÕs stewardship
and ßy-Þshermen may explore the
riverÕs varied population of Þsh.
Collaborative studies with the Ka-
yap� could also lead researchers
to medicinal plants or agricultur-
al techniques that bring some Þ-
nancial return. Although the town
makes money harvesting Brazil
nut oil for Body Shop Internation-
al, a British company that devel-

ops and sells natural beauty products, it
is not enough.

The fervor about the future of Indi-
an lands is echoed in arguments about
another kind of reserve: extractive re-
serves. These areasÑwhich are also set
aside by the government and whose
boundaries are also rarely enforcedÑ
are places where local people harvest
natural products, including latex, palm
hearts and Brazil nuts, without damag-
ing the rain forest. Such reserves were
made famous by Francisco Alves Men-
des Filho, known as Chico Mendes, a
rubber tapper from the town of Xapuri
in the western state of Acre. Because of
his eÝorts to organize the rubber tap-
pers to Þght for their land, Mendes was
murdered by cattle ranchers in 1988.

Extractive reserves, of which there are
now 14 covering a total of three million
hectares, confer land rights to squat-
ters and people whom large landhold-
ers have dispossessed. ( In Brazil, 4.5
percent of the landowners control 81
percent of the farmland.) The presence
of these powerful ranchers is felt for
the entire four-hour drive from the city
of Rio Branco to Xapuri. The road is
ßanked by pastures, and the landscape
is verdant but eerie: ghostlike Brazil nut
trees, lone relics of the forest, stand in
the green Þelds, their bleached branch-
es luminous against the backdrop of
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KAYAPî TRIBESMAN, Bastian, waits in a canoe that
transports him between a forest reserve and his vil-
lage, Aukre. He is working on a Þeld station that may
bring researchers and revenue to Aukre.
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dark, stormy sky. A law prohibits cut-
ting these majestic trees, but once pas-
ture is burnt around them, the Amazon
sun inevitably desiccates them.

Disagreements about extractive re-
serves pivot on questions of econom-
ic viability. Scientists on one side argue
that insuÛcient markets exist for many
of the products. By studying past mar-
ket cycles, Alfredo Kingo Oyama Hom-
ma of the Brazilian Enterprise for Ag-
ricultural Research (EMBRAPA) found
that when a forest product such as la-
tex becomes commercially important 
it is inevitably introduced into higher-
yielding plantations; in 1991 about 60
percent of BrazilÕs natural rubber came
from plantations. Or the material is
made synthetically. As a result, the price
plummets, and small-scale extraction
ceases to be proÞtable.

Other researchers counter that the
matter has not been settled. One study
conducted in Peru several years ago
found that 72 products could be har-
vested from a one-hectare plot for an
annual yield of $422. The investigators
concluded that this approach was more
lucrative than the one-time logging prof-
it of $1,000. On the other hand, Ander-
son notes, Òif you took a random sam-
ple of forests here in the Amazon, you
would not Þnd many that would have
such a high value of nontimber forest
products.Ó In addition, the Peruvian
products could be marketed regional-
ly, a situation that does not yet exist

for many of the reserves in the Amazon.
Nevertheless, Anderson and others ar-

gue that there may be a compromise. ÒI
am one of the proponents, so I am sus-
pect,Ó Anderson cautions. ÒBut I like to
think that I am somewhere in the mid-
dle ground. Maybe the term Ôextractive
reserveÕ is a misnomer. These are areas
zoned to protect the rights of people
who live in the forest.Ó Anderson ex-
plains that once land claims are guaran-
teed, extractivists begin to look for sup-
plemental livelihoodsÑsuch as raising
livestock or planting additional crops.
Extraction Òis undergoing a transforma-
tion, and therefore it is potentially a ba-
sis for sustainable development.Ó The
implications of this economic diversiÞ-
cation for the preservation of biodiver-
sity are not yet established.

Many scientists and nongovernmen-
tal organizationsÑCultural Survival, a
Boston-based group of anthropologists,
and the New York Botanical GardenÕs
Institute for Economic Botany, among
themÑare working with rubber tappers
and Brazil nut gatherers to Þnd other
products, such as medicinal plants and
fruits, and to open new markets. Some
are addressing the overwhelming prob-
lems of communication and transporta-
tion. Many individuals who harvest for-
est products travel for days to sell them.

Getting out of Xapuri, even at the out-
set of the rainy season, illustrates the
challenge of reaching the market. Go-
mercindo Clovia Garcia Rodrigues, a

member of the extractivist cooperative
of Xapuri, hitches a ride with a group of
travelers back to Rio Branco so he can
visit his dentistÑhe says he was shot
in the jaw by ranchers a while ago, and
the wound continues to hurt. As he de-
scribes the woes of driving at this time
of year, the white Fiat sinks in the red
muck of the road, for the Þrst time. Af-
ter the fourth escape, we are covered
with a thick, rust-colored patina of mud.
The windshield wiper breaks, the rain
blinds and the battery fails. Rodrigues
laughs: the Amazon has made his point.

Amazon Microcosm

At the opposite end of the country,
in the eastern state of Par�, researchers
are working with RodriguesÕs tradition-
al foes: ranchers and loggers. In a val-
ley capped by smoke, Þres from doz-
ens of sawmills smolder. The black and
gray plumes hang in the humid air of a
late afternoon. The only motion is that
of children playing alongside the bar-
ren road, tin cans tied to the bottoms
of their feet like shiny platform shoes.

Although the image of a deforested
Amazon is by now a familiar one, a
close look at this landscape reveals an
unusual collaboration. Christopher Uhl
of Pennsylvania State University, Daniel
C. Nepstad of the Woods Hole Research
Center and Adalberto Verissimo, Paulo
Barreto and their colleagues at the Ama-
zon Institute of Man and the Environ-
ment (IMAZON) are working with own-
ers and employees at local sawmills
and farms. They are documenting ways
of reclaiming land that has been aban-
doned and of managing forests for tim-
ber. Uhl and Verissimo are fond of de-
scribing the region near the town of
Paragominas, where they have focused
their eÝorts, as a microcosm for the
Amazon. They believe that if the forces
driving deforestation are understood
and altered here, the lessons can be ap-
plied to states such as Rondonia and
Mato Grosso, which, by 1988, had both
lost some 24 percent of their forest.

Par� encompasses one third of the
Brazilian Amazon and had lost 13 per-
cent of its forest cover by 1990. The
area opened for development in the
mid-1960s, when completion of a high-
way connected the city of Bras�lia to Be-
l�m, the hub of BrazilÕs rubber boom.
At that time, the government promoted
cattle herding by oÝering subsidiesÑ
often as great as 75 percent of the costs
of starting the ranchÑto settlers. The
government also oÝered property to
anyone who could demonstrate that
they had cleared land, a policy that led
to spasms of deforestation.

Several problems quickly emerged.
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RUBBER TAPPER extracts latex. As the pattern of diagonal lines shows, tappers re-
peatedly cut each of the rubber trees on their land to collect the white liquid.
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Because the forest covets its nutrients,
its soils are relatively poor. Although
ranchers slashed and burned the forest,
releasing phosphorus, nitrogen, potassi-
um and other riches into the ground,
the infusion was short-lived. After a few
seasons of overgrazing, grasses no long-
er grew. A riot of unruly and, to cattle,
unappetizing vegetation soon covered
the Þelds. By the 1980s ranching was
not economically worthwhile. The gov-
ernment proved as unsupportive as the
soil. A Þscal crisis dried up subsidies,
making clear-cutting and cattle raising
even less attractive.

A new industry emerged in ranchingÕs
stead. The native forests of southern
Brazil had by then been for the most
part leveled, and ranchers realized they
could aÝord to rejuvenate degraded
pastures by selling logging rights to
their property. More than 100 species
of wood, which had been viewed as im-
pediments to pasture, were harvested.
By 1990 there were 238 sawmills near
Paragominas.

Today logging is the areaÕs principal
industry, and it is just as unsustainable
as ranching was. IMAZON researchers
have determined that for each tree that
is removed in a process called selective
logging, 27 other trees that are 10 centi-
meters or more in diameter are severe-
ly injured, 40 meters of road are creat-
ed and 600 square meters of canopy are
opened. Recovery of the forest is slow
even under these conditions: it can take
70 years for selectively logged forests to
resemble their original state.

Nevertheless, Verissimo, Uhl and oth-
ers think sustainable approaches to
logging and ranching are possible. ÒI
am much more optimistic than I was
Þve years ago,Ó Verissimo comments
as he bounces in a car on the way to 
a ranch, Fazenda Vit�ria. At the study
station there, he climbs a tower that
stands at the intersection of the four
distinct kinds of land that character-
ize the region: primary, or pristine, for-
est; partially regrown, or secondary,
forest; pasture that is in use; and aban-
doned pasture. Verissimo points to the
old pasture, explaining that the forest
is slow to invade such sites, in part, be-
cause some seed-dispersing birds do
not venture into open spaces.

Although there are about 10 million
hectares of abandoned pasture in the
Brazilian Amazon, scientists are just be-
ginning to monitor what happens to
land once it has been burned, grazed

and then left. The investigations sup-
port one of the most exciting possibili-
ties for sustainable development. If al-
ready deforested areas could be eÛ-
ciently used for agriculture, ranching or
logging, pressure could be taken oÝ the
primary rain forest. ÒThere is no need
to deforest when two thirds of the al-
ready deforested land is not being used
in a reasonable way,Ó Uhl notes.

Alternatively, if such lands could be
restored or coaxed back into forest,
biodiversity could be better protected.
Understanding which trees, plants and
creatures reestablish themselves Þrst
and under what conditions could al-
low researchers to speed up the recov-
ery. Uhl cautions, however, that making
the process economically attractive is

critical. ÒRestoration makes us all feel
good, but it doesnÕt necessarily address
the key issue,Ó he warns. ÒPutting mon-
ey into it without economic develop-
ment is not the best thing to do.Ó

Studies of pastures and ranching have
already led Uhl and his colleague Marli
M. Mattos of Woods Hole to the some-
what heretical conclusion that, under
certain conditions, cattle ranching can
be proÞtable. They observe that if ranch-
ers manage abandoned land intensive-
lyÑthat is, by introducing fertilizer or
by planting better adapted speciesÑ
cattle herds for beef and for dairy prod-
ucts can be lucrative. In fact, ranchers
could increase their proÞts as much as
Þvefold at the same time that employ-
ment could rise. (Given estimates of
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BOLUSES OF LATEX are stacked in a
courtyard at the marketing cooperative
in the town of Xapuri after they are
brought in from the forest.
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population in BrazilÑ246 million by
2025Ñconsiderations of employment
are fundamental.)

The two scientists note that the draw-
backs to intensive ranching are signiÞ-
cant. ÒFire is becoming more and more
common,Ó Uhl states. ÒIt will increase
as landscapes are altered. The high for-
est is by nature quite resilient to Þre,
but as soon as you begin to alter it, it is
much more prone to burning.Ó Accord-
ing to Nepstad of Woods Hole, more
than one half of the land in an 80-
kilometer radius around Paragominas
burned in 1992.

There are other ecological costs as
well. Nepstad has shown in studies of
soil and root systems that pastures hold
only 3 percent of the aboveground car-

bon and 20 percent of the root carbon
that forests do. Moreover, some 220
tons of carbon are released when the
slash from each hectare of forest is
burned. This emission has implications
for global warming: tropical forest loss
is estimated to have contributed one
quarter of the carbon released into the
atmosphere during the past decade.

EvapotranspirationÑthe means by
which roots absorb water from the soil
and release itÑis also reduced in pas-
ture because the root systems are rela-
tively shallow and cannot reach deep
deposits of moisture. In the Amazon,
where 50 percent of precipitation may
be generated by the ßora, changes in
evapotranspiration could cause altera-
tions in local climate and rainfall pat-

terns that adversely aÝect agriculture.
Reductions in rainfall, in turn, cause
the local temperature to increase, ham-
pering vegetation and crops.

The ranching conclusions reveal some
of the problems of deÞning the word
Òsustainable.Ó ÒIt is a really tricky term.
There are all sorts of ways to measure
sustainability, from an environmental,
an ecological and a social perspective.
It is a rare land use indeed that could
fulÞll all three criteria,Ó observes Ander-
son of the Ford Foundation. ÒDonÕt get
me wrong, I am not saying ranching is
good, but it is not necessarily as bad as
it seemed in the earlier literature. The
question is not whether or not ranching
is suitable, because it is there to stay.Ó

Research on sustainable logging in
Paragominas is not as controversial. In
a forested site adjacent to the study
tower, IMAZONÕs Barreto describes one
simple strategy he has designed to help
combine forest management and prof-
it. Loggers routinely send workers into
the forest to mark and cut the prize
trees. Equipment then follows and cre-
ates roads. Barreto has found that by
plotting the chosen trees in a simple
software program, a shorterÑand there-
fore less destructive and less expen-
siveÑnetwork of roads can be designed.

In addition, injury to the surround-
ing trees can be reduced by as much as
30 percent. Pruning vines in a selective-
ly logged forest can also permit light to
reach seedlings, accelerating the growth
of commercially important species. If
loggers implemented these two tech-
niques, Barreto says, forests would take
35 instead of 70 years to reach their
prelogged stature. ÒIt would reduce
their proÞts only slightly to get sus-
tainability,Ó Verissimo asserts.

Because internal and external demand
for Amazonian timber is expected to
grow, more research on forest man-
agement strategies is needed. In 1976,
14 percent of the countryÕs sawn wood
came from the rain forest; by 1986 the
share had grown to 44 percent. The
number of wood processors grew from
about 100 in 1952 to more than 3,000
in 1992. Unlike domestic demand, how-
ever, international demand may catalyze
changes in logging practices. Currently
less than 5 percent of the worldÕs sup-
ply of tropical hardwood comes from
Brazil, but supplies in Asia are plum-
meting. Yet Òoutside demand for tim-
ber could be quite positive if nongov-
ernmental organizations are involved
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MEASURING PRIZE HARDWOODS is one
of the Þrst things a logger does to select
the tree he will cut, demonstrates Paulo
Barreto (right) of the Amazon Institute
of Man and the Environment (IMAZON).
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in promoting green labeling,Ó Uhl says.
ÒRetailers want to know where this
wood is coming from. This little step is
tremendously important.Ó

Regardless of Þndings such as those
in Paragominas, research amounts to
nothing if it is not implemented. Be-
cause Brazil has no coherent Amazo-
nian policy, the IMAZON workers and
their colleagues have suggested that
countywide plans would be eÝective.
The Brazilian Constitution of 1988 con-
ferred more power to counties; there-
fore, these local governments could en-
act legislation requiring that speciÞed
land be used intensively for pasture and
logging. Such laws would generate jobs
for the region and preserve primary for-
est. Uhl says ranchers and mill owners
are beginning to implement aspects of
this management strategy as they re-
alize that resources are Þnite and that
well-placed investments in intensiÞca-
tion will help guarantee sustainability.

Survival, rather than proÞt, is the
consideration behind another principal
cause of deforestation. For impover-
ished farmers, shifting cultivation of-
ten provides the only source of liveli-
hood, as the ubiquitous small, smol-

dering plots of trees alongside roads
testify. ÒNatural resources are the bleed-
ing valve for the poor; that is where
they turn to survive,Ó observes Ralph M.
Coolman, a tropical ecologist at North
Carolina State University, who is cur-
rently working with EMBRAPA.

On the Þelds of an old water-buÝalo
ranch and former rubber and palm plan-
tation near Manaus, Coolman and his
colleagues are investigating agroforestry
systems. Agroforestry combines animal
husbandry with farming and forestry.
The practice has a long history, but Òsci-
entiÞc agroforestry is relatively new,Ó
says Erick C. M. Fernandes, also of North
Carolina State and EMBRAPA. By deter-
mining which plants are best suited to
particular soils, the researchers hope to
be able to increase the subsistence and
proÞt yield of shifting cultivars, while
letting them stay indeÞnitely on the de-
forested land. They are identifying spe-
cies that are best suited to Þxing nitro-
gen and replacing other nutrients.

The eÝort to balance preservation and
economics that characterizes the work
of Fernandes and Coolman, the Para-
gominas group and ZimmermanÕs team
can also be seen at one of the longest-

running programs in the rain forest. This
study, the brainchild of biologist Thom-
as E. Lovejoy, was created in 1979 as a
collaboration between the National In-
stitute for Amazon Research (INPA) and
the World Wildlife Fund. Originally called
the Minimum Critical Size of Ecosystems
Project, it is now administered jointly
by INPA and the Smithsonian Institu-
tion, where Lovejoy serves as assistant
secretary for external aÝairs.

Business and Biodiversity

The program was established to an-
swer a fundamental question of ecolo-
gy: What is the smallest size an island
(or, in this case, a tract of forest) can be
and still maintain its biodiversity? The
Þndings have direct implications for
protecting species. Because landowners
in the Amazon are required by law to re-
tain 50 percent of their forests, scat-
tered woods of all diÝerent sizes and
shapes can be found everywhere, often
surrounded by pasture.

By studying these various-sized plots
and monitoring the changes in species
composition, Lovejoy and his colleagues
substantiated the prediction that larger
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SAWMILL NEAR PARAGOMINAS, a town in the eastern Ama-
zon, is one of 238 in the vicinity. Although Brazil supplies less
than 5 percent of the worldÕs hardwood, this share is expect-

ed to increase as stocks in Asia dwindle. Researchers are
working with loggers and sawmill owners here to determine
how to practice sustainable logging.

Copyright 1993 Scientific American, Inc.



forest fragments harbor more species
than do smaller ones. But they also
found that size alone was not always the
determining factor. Instead it was cru-
cial to understand the habitat require-
ments of each species. The project pro-
vided evidence that corridorsÑwooded
paths that connect one fragment to an-
otherÑfacilitated the movement of cer-
tain species between fragments. Because
it is hard to Þnd large, uninterrupted
parcels of land in many areas through-
out the world, corridors are now incor-
porated in plans for wildlife preserves.

The project recently included an ad-
ditional focus: the study of restoration,
including the regrowth of pasture. Its
new name, the Biological Dynamics of
Forest Fragments Project, reßects this
emphasis. Graduate students and re-
searchers are expected to supply data
for forest management, soil reclamation
and commercial harvesting. The shift
also ensured continued funding. Accord-
ing to tropical scientists, money for sus-
tainable development is easier to ob-
tain than are grants for basic research.

Lovejoy believes that another key 
to saving the rain forest lies in work-
ing with business. In the mid-1980s he
developed the idea of debt-for-nature
swaps. Recognizing that nations bur-
dened with foreign debt could devote
few resources to protecting ecology,
Lovejoy proposed that conservation or-
ganizations repay a portion of the debt
in exchange for a guarantee that land
would be protected. Alleviating debt
would both maintain biodiversity and
strengthen the economy.

Building on this idea, Lovejoy and
others are drawing attention to the Þ-
nancial importance of biodiversity. For
example, pharmaceutical products, ge-
netic stocks for agricultural products
and timber species can be found in
these forests. By publicizing this eco-
nomic potential and the importance of
conserving the resource base for future
proÞt, Lovejoy says companies can be
brought into the environmental loopÑ
an approach that, he admits, is perceived
with wariness on the part of many
ÒgreenÓ organizations. Lovejoy, who in
the course of one day easily moves
from sitting on the dirt ßoor of a hut 
in a Kayap� village swatting blackßies
to dining with the stateÕs governor at a
table dressed with crystal and silver,
argues that sustainable development

and the protection of biodiversity must
be practiced at all levels of society.

To this end, he is advising the Brazil-
ian Foundation for Sustainable Devel-
opment, a consortium of 24 of the larg-
est Brazilian companies, formed after
the 1992 Earth Summit in Rio de Janei-
ro. The foundation plans to support re-
search that will deÞne sustainable de-
velopment and to help companies act
in environmentally sound ways. It will
also Þnance the Forest Fragments Proj-
ect. ÒAlthough the Þrst step for sustain-
able development is in local communi-
ties, it is not only for them,Ó says Angelo
dos Santos, a foundation ecologist who
has worked with INPA and Lovejoy. ÒBe-
cause of global climatic change, we need
to work with big enterprises. We need a
whole new approach.Ó

At a December meeting at Camp 41Ñ
the ÒTiÝanyÓ of sites at the Forest Frag-
ment Project because of its ample ham-
mocks and good cooksÑLovejoy, Zim-
merman, Wilson and biologists from
Brazil, Panama, Costa Rica, Peru and
Mexico met to evaluate the project and
to consider future studies. David B. Clark
of La Selva Biological Station in Costa
Rica pointed out that the only large
tracts of forest left in his country are in
parks. ÒI am trying to be philosophical
about it,Ó Clark says. ÒMost reserves in
South America are going to be in this
situation. Development is going to be
right up against the protected areas.Ó

As the scientists walked through the
rain forest, noting diÝerences and sim-
ilarities between this region and those
they study, it was apparent that no one
was able any longer to devote attention
exclusively to the study of biodiversity.
ÒMany of us were not trained as admin-
istrators but as research biologists,Ó the
SmithsonianÕs Wilson comments. ÒYet
we Þnd ourselves, out of necessity, do-
ing conservation work.Ó If they do it well
enough, human beings and the rest of
Amazonian nature may yet Þnd a way
to survive together. After all, in the Ama-
zon you look for one thing and keep
Þnding others.
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BIOLOGIST THOMAS E. LOVEJOY stands
in the rain forest that he Þrst visited in
1965. His Amazon research and, more re-
cently, his advisory work have increas-
ingly sought to Þnd economically suc-
cessful ways of preserving biodiversity.
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Try, Try Again
Making antibodies more useful
by making them more human

C
LONED ANTIBODIES PROMISE MED-
ICAL REVOLUTION,Ó screamed the
front-page headline of the New

York Times science section on August
5, 1980. Throughout the next decade,
dozens of biotechnology Þrms strug-
gled to turn monoclonal antibodies
(MAbs) harvested from mouse tumors
into new drugs to treat everything from
cancer to bacterial infections. They have
yet to deliver. Despite years of intense
research, only one MAb-based thera-
peutic drug, OKT3 from Ortho Pharma-
ceuticals, has gained Food and Drug
Administration approval for the U.S.
market.

But enthusiasm for monoclonals
seems to be enjoying something of a re-
naissance. A handful of companies are
now perfecting techniques for manufac-
turing fully human and ÒhumanizedÓ
antibodies that promise to surmount
some of the problems that have plagued
murine monoclonals. They are buoyed
by results from early clinical trials 

of this new generation of antibodies
against a variety of diseases.

The major obstacle to medicinal use
of murine antibodies proved to be the
very immune systems they were intend-
ed to bolster. Many patients produce
human antiÐmouse antibodies (HAMA)
when they are given shots of murine
monoclonals. The ensuing battle be-
tween the mouse and human proteins
reduces the drugÕs eÝect, quickly clear-
ing it from the bloodstream and often
causing allergic reactions. Another prob-
lem, explains Robert A. Fildes, chief ex-
ecutive oÛcer of Scotgen Biopharmaceu-
ticals, is that Òwhen you put a mouse an-
tibody into a human being, it does not
turn on the human immune system as
eÝectively as a human antibody would.Ó

Human antibodies have proved diÛ-
cult to make outside the body, however.
Mouse monoclonals, the Nobel PrizeÐ
winning discovery of C�sar Milstein and
Georges K�hler in 1975, are made by
fusing a mouseÕs B lymphocyteÑa white
blood cell in the spleen that produces
antibodies but is diÛcult to cultureÑ
with a cancerous melanoma cell to pro-
duce an immortal hybrid cell, or hybrid-
oma. Such cells create antibodies and
replicate furiously in a fermentation

tank. Murine antibodies can thus be
mass-produced for nearly any antigen
injected into a mouse. Unfortunately,
however, human B cells are loath to fuse
with cancerous cells.

The ability of murine MAbs to home in
on a particular cellular target won them
a niche in the lucrative market for diag-
nostic tests and cancer imaging. Mono-
clonals that bind to proteins on the sur-
face of cancer cells can be attached to
radioisotopes to help doctors see clus-
ters of malignant cells invisible to x-
rays, CT scans and magnetic resonance
imaging. And because imaging agents
need be given just once or twice, HAMA
reactions are less of a problem. Even so,
only one imaging agent, a murine mono-
clonal for diagnosing colon cancer, has
been approved to date. ÒLook back over
10 years: there has been huge success
with mouse MAbs as in vitro diagnostic
testsÑitÕs a billion-dollar industry world-
wide,Ó Fildes says. ÒBut in that same pe-
riod, virtually every company that has
tried to develop mouse antibodies for
therapy has failed miserably.Ó

Witness Xoma, which was within
shouting distance of winning FDA ap-
proval for its MAb-based sepsis drug
last year before Þnal clinical trials failed

SCIENCE AND BUSINESS

Antibody Anatomy
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ntibodies are variations on a theme. Natural antibodies
(left) are proteins composed of amino acid chains

twisted into complex three-dimensional shapes. They lock
onto antigens—target molecules—that match the shape

and chemistry of the binding sites (shown in red) on their
arms. Geneticists can convert mouse antibodies to vari-
ous “humanized” forms (right) by combining the genes for
murine binding sites with those for a human framework.
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to show suÛcient eÝectiveness. Xoma
has since lost its CEO, shut down clinical
trials of four other products and slashed
its staÝ by 25 percent. Nevertheless, the
size of the pot of gold at the end of this
rainbow has induced many companies to
continue working on therapeutic MAbs;
industry analysts peg the potential mar-
ket at $3 billion for cancer alone.

Most biotech Þrms now seem to agree
that therapeutic antibodies will have to
beat HAMA to succeed. Here is where it
helps most to be human. Actually, an an-
tibody need not be entirely human to
fool a patientÕs immune system. Simply
replacing the constant region, or stem,
of the Y-shaped murine antibody with
its human equivalent produces a chime-
ric antibody that may sneak through un-
detected. Greg Winter of the British Med-
ical Research Council improved on that
idea in the mid-1980s by splicing the
genes for just the binding sites of a
mouse antibody alongside the genes for
the rest of a human antibody to make a
ÒhumanizedÓ antibody.

Getting the humanized version to
lock onto the same antigens as the orig-
inal takes some work, however. ÒYou
sometimes have to tinker with the ami-
no acid sequences in the framework of
the humanized antibody in order to get
the binding sites in the right three-
dimensional form,Ó says Fildes, whose
company has used WinterÕs technique
to humanize more than 20 antibodies
taken from mice. ÒThe trick is to know
which ones to changeÑitÕs really an art.Ó

A start-up company in California is
making a science of that art. Protein De-
sign Labs (PDL), which went public ear-
ly in 1992, has used protein-modeling
software to compare the amino acid se-
quence of the binding sites with a li-
brary of other antibodies whose spatial
structure has been determined by x-ray
crystallography. Once the model picks
out which mouse amino acids to keep
and which to replace, PDL synthesizes
the new genes, inserts them into ma-
malian cells and cultures the cells to
produce the humanized antibodies.

So far PDL has humanized more than
a dozen antibodies against viruses, can-
cers and even adhesion molecules that
play a role in inßammation. In the three
clinical trials PDL has conducted to date
with its humanized MAbs, Òwe have not
seen any HAMA response,Ó claims Peter
Dworkin, PDLÕs spokesperson. 

The fastest arrows in PDLÕs quiver are
not its 90 percent human monoclonals,
however, but entirely human MAbs pro-
duced by cell lines that the company
purchased from Sandoz in April. From
the spleen of a car crash victim, Sandoz
managed to isolate human B cells that
produce antibodies against cytomegalo-
virus, the cause of an eye infection in 20
percent of AIDS patients that often leads
to blindness. By fusing this B cell with a
human/mouse hybridoma, Sandoz cre-
ated Òtriomas,Ó which thrive in culture
and produce many diÝerent antibodies
against the virus. For $4.5 million, PDL
got four such triomas, two of whichÑ

anti-cytomegalovirus and antiÐhepatitis
BÑhave already completed initial clini-
cal trials for toxicity and eÛcacy.

Triomas still depend too much on
luck and labor to be widely useful. Gen-
Pharm International thinks it has a bet-
ter way to produce human MAbs. Using
its experience producing transgenic ani-
mal models for cancer and cystic Þbro-
sis research, the company engineered a
mouse that produces only human anti-
bodies. Researchers turned oÝ genes for
each of the mouseÕs two native antibody
chains and then inserted and activated
genes for human antibody chains. The
result is a mouse strain that Òis able to
make any human antibody, including an-
tibodies to human antigens,Ó says Jona-
than MacQuitty, the companyÕs CEO.

GenPharm also recently announced
that after four years and $10 million 
it had created a second line of human
MAb-producing mice by using artiÞcial
chromosomes genetically engineered in
yeast cells to transfer huge blocks of
DNA from humans to the rodents. Un-
like the rest of GenPharmÕs products,
Òwe wonÕt sell these mice,Ó says Howard
B. Rosen, director of corporate develop-
ment. ÒWe will work with researchers
on a collaborative basis. ItÕs sort of the
mouse that lays a golden eggÑweÕd hate
for people to just run oÝ with it.Ó

Researchers who have isolated a hu-
man antibody may soon use a tech-
nique reÞned at the Scripps Research
Institute to mass-produce it in bacteria.
Scripps molecular immunologist Den-
nis R. Burton ampliÞes the antibodyÕs
DNA and clones it into ÒdisplayÓ virus-
es. ÒEach virus is a little unit, with one
antibody gene inside and the protein
coded by that gene on the outside,Ó Bur-
ton explains. When poured onto a plate
coated with the target antigen, viruses
containing antibodies that match that
antigen stick. The rest are washed away.
Burton then infects Escherichia coli with
the selected viruses, converting them
into bacterial antibody factories. The
process does have a serious limitation,
Burton concedes. Because bacteria lack
the sugars needed to make the stem of
the antibody, they reproduce only the
armsÑa fragment known as Fab. ÒAl-
though this fragment alone will neu-
tralize a lot of viruses, we donÕt know
how it works,Ó he admits.

Even so, several biotech Þrms are look-
ing at antibody fragments with new-
found respect. A whole antibody is too
large to penetrate the surface of many
tumors; fragments may be able to go
places whole MAbs cannot. But frag-
ments are removed from the blood-
stream in hours rather than days. ÒItÕs
a two-edged sword,Ó says Thomas J.
McKearn, president of Cytogen. ÒAn in-
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Monoclonal Antibody Therapeutics in Development

Murine Antibodies
IDEC Pharmaceuticals: Phase III trials* for B cell lymphoma.

ImmunoGen: Phase III for various cancers; phase I and II for small-cell
lung cancer.

Immunomedics: Phase I and II for colorectal cancer and B cell lymphoma.

NeoRx: Phase I for lung and ovarian cancer.

Humanized Antibodies
Cytogen: Preclinical evaluation for breast, lung and ovarian cancer.

Genentech with NeoRx: Phase II for breast and ovarian cancer.

IDEC Pharmaceuticals: Preclinical testing of “primatized” macaque/
human antibody for rheumatoid arthritis.

Protein Design Labs: Phase II for graft versus host disease; phase I and
II for acute myeloid leukemia; preclinical tests for lung, colon and breast
cancer, inflammation, lupus and multiple sclerosis.

Scotgen Biopharmaceuticals: Preclinical testing of 12 antibodies against
cancer, cytomegalovirus, HIV and atherosclerotic plaque.

Human Antibodies
Protein Design Labs: Completed phase I and II for retinitis and hepatitis
B; preclinical tests for herpes and chicken pox.

*Marketing approval of drugs by the Food and Drug Administration generally requires three
phases of human clinical tests: the first for safety and toxicity, the second for efficacy on a
small scale and the final for large-scale, statistically significant effectiveness.
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tact MAb will pass through the circula-
tory bed of a tumor many more times
than will a fragmented version.Ó

Researchers at Scotgen and elsewhere
are also joining two diÝerent antibodies
to make X-shaped Òbi-speciÞcÓ antibod-
ies that attach to a diseased cell on one 
end and an immune cell on the other, 
dragging immunologic soldiers to the en-
emy. Medarex recently began clinical tri-
als on such a drug for breast and ovari-
an cancer. ÒThe problem is making these
things,Ó Fildes complains. ÒItÕs a long,
tortuous and very expensive process.Ó

Indeed, all these new technologies are
considerably more expensive than churn-
ing out old-fashioned murine MAbs. And
there are no guarantees. CentocorÕs hu-
man antisepsis monoclonal fared little
better than XomaÕs murine version in
Þnal eÛcacy trials. After investing $250
million in development, Centocor has
seen just $31 million in sales. McKearn,
for one, takes this as a sign that it is too
early to dismiss mouse monoclonals.
ÒThe literature is replete with examples
where people have ignored common
sense and simply jumped on the band-
wagon of humanization,Ó he says. But of
course sometimes the bandwagon goes
straight to the party.    ÑW. Wayt Gibbs
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Putting a Spin on Parasites

drian Parton used to spend his days pondering mo-
lecular biology. Then, in 1991, he heard a talk given

by biophysicist Ronald Pethig of the University College of
Wales, in which he described how electric fields can be
used to manipulate particles. That set Parton, who works
for Scientific Generics, a technology consulting firm in
Cambridge, England, thinking about rotating fields.

A rotating electric field—easily produced from four elec-
trodes—creates a torque on small particles that can make
them spin if the frequency is right. Parton has shown that
the effect can function as the basis for an extremely sen-
sitive assay to detect microscopic parasites and even sin-
gle biological molecules. Co-inventors Parton and Pethig
call it the electrorotation assay.

Scientific Generics has now embarked on a joint ven-
ture with Severn Trent, a water utility in England, to devel-
op and license equipment based on the principle. One of
the first applications that will be pursued by the new com-
pany, Genera Technologies, is an apparatus to assess wa-
ter-supply contamination by Cryptosporidium, a common
waterborne parasite that caused an outbreak of sickness
in Milwaukee, Wis., this past spring. Parton maintains that
the assay could reliably detect other small beasties as
well, such as Giardia, an intestinal parasite.

What is more, Parton says, the assay can outperform
ELISA (which stands for enzyme-linked immunosorbent as-
say), a widely used laboratory technique for detecting small
quantities of specific proteins. Genera plans to pursue sev-
eral applications in the health care and food industries.

To detect Cryptosporidium, Parton first concentrates the
particulates from a 1,000-liter sample of water into two

microliters. He then adds microscopic beads coated with
an antibody that binds to the organism’s oocysts (the form
found in contaminated water). The rotating field makes
the oocysts bound to the beads spin. The number of spin-
ning oocysts can be recorded electronically. 

At low frequencies—around 1,000 hertz—live specimens
rotate in the opposite direction to the applied field. Dead
specimens, in contrast, rotate at higher frequencies but
spin in the same direction as the field. The assay can thus
assess the viability of Cryptosporidium as well as its num-
bers. “At frequencies of about a megahertz, you are look-
ing at the ionic properties of the membrane,” Pethig ex-
plains. “At still higher frequencies, you are looking inside
the cell.” A test that normally takes eight hours can be done
in 30 minutes by electrorotation assay, Parton declares.

To detect targets smaller than oocysts, such as bacteria
or protein molecules, Parton adds larger antibody-coated
beads. The beads themselves are observed through a mi-
croscope. Any targets present bind to the beads, which
makes them spin. Parton has discovered that in samples
with very few targets, only a few beads rotate—but those
that do so rotate very fast. That makes the assay exquisite-
ly sensitive.

Parton says he has detected viral proteins in amounts
as small as a billionth of a billionth of a gram. Commercial
ELISAs now available are about a million times less sensi-
tive than the levels that Parton claims. If beads are coated
with nucleic acids instead of antibodies, Parton specu-
lates, the technique could rival the polymerase chain re-
action, currently the most sensitive test for particular se-
quences of genetic material. —Tim Beardsley

A

Earcons
ÒAudificationÓ may add 
a new dimension to computers

I
n the early days of computers, an
enterprising programmer would of-
ten place a portable radio on top of

one of these primitive machines. The
internal processing circuitry would act
as a transmitter whose signals could be
picked up a block away if a radio were
tuned to the proper frequency. Each pro-
gram would send out a characteristic
stream of whistles and clicks that indi-
cated that the software was running as
it should.

These days, history is repeating it-
self. Software engineers struggling to
program parallel processors have en-
listed the help of electronic sound syn-
thesizers to decipher the eÝectiveness
of their improvisations. A bell tone or a
violin note may reveal that processors
13 and 15 are not running, letting the
programmer then rework the software
to keep them busy.

Computer scientists, in league with
electronic musicians, have begun to add
a sound track not only to the often tan-

gled workings of parallel programs but
also to huge stores of data that com-
prise medical images, partial diÝeren-
tial equations and even census Þgures.
Last fall, for example, 35 followers of
what has come to be called soniÞcation,
audiÞcation or, even less sonorously,
data-driven sound descended on the
Santa Fe Institute for the Þrst Interna-
tional Conference on Auditory Display. 

This tiny community of researchers
is trying to bring another dimension to
the communication between machine
and user. Just as the ear can distin-
guish the oboe from the other instru-
ments in a symphony orchestra, cyber-
netic audiophiles believe sound may
complement or, in some cases, even sur-
pass visual graphics.

Acoustic displays may reinforce vi-
sualization or add new information. A
change in pitch, duration or loudness,
for instance, corresponds to a variation
in a value from the collected data. Some
workers assert that existing technology
severely overloads the visual. Yet, they
point out, computers ignore the sense
of hearing except for an occasional Òwild
eepÓ or bong from a neglected piece of
software. Communicating information
by means of an aural cue is a legacy of
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the Geiger counter, sonar systems and
the alarms that ring in the cockpits of
jet Þghter aircraft. Engineers in the Þeld
already see far beyond that simplemind-
ed prompting. Sound may be the best
means of depicting the ordering of sev-
eral overlapping events, say Joan M.
Francioni and Jay Alan Jackson of the
University of Southwestern Louisiana. 

The husband-and-wife team have pro-
duced scalelike tones that will let a par-
allel programmer tell when a processor
becomes active or when it receives a
message from another processor. Their
choice of synthesized sounds even won
plaudits from music aÞcionados at var-
ious conferences.

Other workers explore complementary
strategies, in which sound and graph-
ics reinforce each other. At the Univer-
sity of Massachusetts at Lowell, Stuart
Smith, a professor of computer science,
and his colleagues have combined visu-
al and sound displays to exhibit vari-
ables ranging from infrared radiation
from satellite imagery to heat ßows in
diÝerential equations. Tiny zigzagging
lines represent up to 20 variables graph-
ically. Each connected segment, the zig
or the zag, is a distinct variable, its value
represented by the angle. Together they
create an image whose texture varies
across the screen like a Þeld of rippling
wheat.

The impression of an undulating to-
pography is reinforced by tones that
are reminiscent of Karl-Heinz Stock-
hausenÕs greatest hits. Like an auditor
of one of the avant-garde German com-
poserÕs works, the observer does not in-
spect each value separately but looks
for clusters of similar sounds and visu-
al cues. Staccato clicks and pops, trans-
lated from the brightness values for two
merged magnetic resonance images, are
supplemented by a crackling that sounds
like an egg frying as a cursor is passed
over an area showing a brain tumor.

Sound can pick out information that
is diÛcult to discern in the image. Each
person in a sampling of 1980 census
data for scientists, engineers and techni-
cians becomes a jagged line, whose seg-
ments represent marital status, level of
education, sex and birthplace. These
same variables can be represented by
changes in sound. The category for sex,
for example, is delineated by an electron-
ic violin. A long, bowed note reveals a
male; a high-pitched pizzicato note is
the female. (The political correctness of
the sundry tones has yet to be debated
by technical standards groups.) As the
mouse moves the cursor up the screenÑ
the big wage earners reside at the topÑ
the continuous tone from the bow gets
well exercised. A short pluck in the up-
per corner, a lone woman, demonstrates

how sound can pick out diÝerences in
the data that would be diÛcult to dis-
tinguish within the mass of visual cues. 

Smith and other researchers in this
auditory enclave are still asking them-
selves how much information can be
clearly understood by listening to a data
base. Training a listener to identify the
single highly paid woman or heat-ßow
value may be a pointless pursuit. What is
sought, instead, is the distinctive phras-
ing in the ßow of synthesizer notesÑa
data melodyÑthat will enable the listen-
er to, say, locate a tumor. 

The Þeld is too young to have devel-
oped the conventions that would allow
a set of characteristic notes to be rec-
ognized as cancerous tissues or heat
ßows. SmithÕs group recently received

a $147,000 grant from the National Sci-
ence Foundation to work with an ex-
perimental psychologist on determin-
ing how well the ear can hear the sub-
tle changes in pitch, loudness and oth-
er sound traits within an aural display.
ÒYou can arrange a clever scheme for
visualization and audiÞcation, but the
question is how will people perceive it,Ó
Smith says.

Sound-display artists hope the ear will
in some situations surpass the eye 
because of its superb ability to extract
meaning from a noisy environment.
Gregory Kramer of the Santa Fe Insti-
tute and W. Tecumseh Fitch of Brown
University found that a group of uni-
versity students who were assigned to
role-play as medical doctors were able
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Keeping the Sun Shining on British Technology

ichael Faraday, on being asked by a prime minister of the day what
good were his researches into electricity, is said to have answered, “Sir,
one day you will tax it.” The successors to Faraday’s interrogator may

need to be reminded of the 19th-century physicist’s vision. Margaret Thatcher,
despite her professed admiration for Faraday and her chemistry degree, gave
Adam Smith’s invisible hand such a free rein during the 1980s that spending on
research and development in Britain is now less, in relation to gross domestic
product, than it is in the U.S., France, Switzerland, Germany or Japan. 

A policy that prohibited government support for “near-market research and
development” further battered Albion’s technical prowess. The hope, of course,
was that industry would pick up anything worthwhile that the government let
drop. But the plan didn’t work. The Confederation of British Industry (CBI) notes
that U.K. patenting activity decreased by 6.4 percent between 1985 and 1990,
for example, while it increased in Germany, the U.S. and Japan.

Britain’s industrial decline now seems to have persuaded the prime minister,
John Major, that it might be worth giving the Newtons, Watts and Darwins of
the next century some encouragement. The government has for the past sever-
al months been conducting a full-scale policy review aimed at goading the sci-
entific goose into laying more golden eggs. As in the U.S., where the Clinton ad-
ministration has embraced technology policy, there is increasing talk of a gov-
ernment role in fostering innovation.

The man in charge of the exercise is William Waldegrave, a soft-spoken hu-
manities graduate who enjoys the formal title of Chancellor of the Duchy of
Lancaster. More meaningfully, he heads a new independent office of science
and technology, the first cabinet minister with that portfolio since the 1960s. In
June, Waldegrave was expected to publish his proposals for a complete shake-
up of the British scientific enterprise. 

His work is cut out for him: Waldegrave’s office has received more than 800
pieces of advice. The most common complaint is one familiar in the U.S.: Brit-
ons, academics and officials like to say, are as good as they ever were at doing
science, but industry fails to develop the commercial spin-offs. Industry
charges that the government should be doing more to help. “We see no sign of
strategic direction in the way resources are allocated,” said Howard Davies, di-
rector general of the CBI, last November. 

Interviewed in his Whitehall office, Waldegrave points out that counts of cita-
tions of published papers indicate that Britain is second only to the U.S. in sci-
entific standing. “Britain has a powerful science base,” he says. But, he admits,
“we have continuing uncertainties about whether we’re good at relating it to so-
cietal goals.” Waldegrave, who has previous experience in industrial research as
well as in science policy-making, contends that leaving decisions to industry
has given British technical expertise “a certain random, spotty character.” 

Much in favor with industry is the suggestion that the U.K. adopt a R&D tax
credit similar to that of the U.S. Yet Waldegrave is “pretty skeptical” about using

M
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to follow multiple aural variables on a
computerÑused to represent body tem-
perature, heart rate, blood pressure and
Þve other variablesÑbetter than they
could on a graphic display. 

Indeed, the next-generation comput-
er operating system may enhance visual
icons with sounds. When someone else
accesses your computer, these Òearcons,Ó
as they are whimsically called, might re-
produce the tap-tap of approaching foot-
steps. ÒIf you saw things through the
same cone of vision as your narrow com-
puter screen, you couldnÕt get a driverÕs
license in the United States,Ó says Wil-
liam Buxton, a professor of computer
science at the University of Toronto and
a researcher at XeroxÕs Palo Alto Re-
search Center. ÒWeÕre already overload-

ing the visual channel. One key solution
is oÝ-loading appropriate things to the
auditory channel.Ó

Some things are just waiting to sound
oÝ. Chris Hayward, a seismologist at
Southern Methodist University, wants to
delve into what can be learned by speed-
ing up and listening to the various sub-
sonic shock waves of an earthquake. R.
Kevin McCabe, a computer scientist at
the National Aeronautics and Space Ad-
ministration Ames Research Center in
Mountain View, Calif., has written a pro-
gramÑa software ÒmicrophoneÓÑthat
does digital sampling and playback of
a computer simulation of acoustic data
from a jet turbine blade. The days may
be gone when a computer was meant
to be seen and not heard.     ÑGary Stix

SCIENTIFIC AMERICAN July 1993       107

Practical Fractal
MandelbrotÕs equations 
compress digital images

W
hen IBM researcher Benoit B.
Mandelbrot published The Frac-

tal Geometry of Nature a de-
cade ago, few imagined that the beauti-
ful, inÞnitely detailed designs he called
fractals might one day also improve tele-
vision reception and help make pictures
a part of everyday computing. Two who
did were Michael F. Barnsley and Alan
D. Sloan, mathematicians at the Georgia
Institute of Technology. They reasoned
that because images of the real world
tend to consist of many complex pat-
terns that recur at various sizesÑin oth-
er words, fractalsÑthere ought to be a
way to translate pictures into fractal
equations. Images so coded would re-
quire fewer data and thus less disk space
to store and less time to transmit. 

By 1987 the researchers had worked
out enough details to patent their idea,
garner $500,000 in start-up capital from
Norwegian investors and form Iterated
Systems in Norcross, Ga. But turning po-
tential to proÞt proved diÛcult. Iterat-
ed found a formidable competitor in
JPEG, an image compression technique
developed by the International Stan-
dards OrganizationÕs Joint Photograph-
ic Experts Group. JPEG uses a well-un-
derstood mathematical procedure, the
discrete cosine transform, to compress
Þles by 90 to 95 percentÑequivalent to
compression ratios of 10:1 to 20:1. JPEG
enjoys another advantage: because it is
an industry standard, it is free.

The mathematics behind fractal com-
pression, on the other hand, has only re-
cently left the crib. ÒRelatively speaking,
very little research has been done to
date,Ó Barnsley admits. ÒTwo or three
years ago, when people looked at my pic-
tures, they said, ÔThis stuÝ looks terri-
ble; it isnÕt going to workÑyouÕre dream-
ing.Õ But we bet on continual dramatic
improvement, and weÕve seen it.Ó

Indeed, fractal compression has at
last begun to challenge JPEG in the three
areas that matter: speed, quality and
strength. To a certain extent, the three
are mutually exclusiveÑstronger com-
pression yields a smaller image Þle but
takes longer and creates more artifacts.
JPEG takes as long to decompress an im-
age as to compress it, and it produces
blocky ÒpixelationÓ as compression ra-
tios rise above about 20:1.

Iterated takes a diÝerent tack. Its al-
gorithm works by treating an image as
a jigsaw puzzle composed of many over-
lapping pieces, some of which are simi-
lar. The software takes each piece and,

tax policy to stimulate economic ac-
tivity. The government has also dis-
missed as too expensive proposals
that it fund “Faraday Centres”—tech-
nology-transfer institutes modeled on
the German Frauenhofer Institutes—
to foster mixing among academic and
industrial scientists.

Rather Waldegrave sees a case for
improved direct support for “strate-
gic” research in key areas, that is, work
somewhere between completely un-
focused “blue sky” investigation and
product development. And he would
like to see “a little more coordination
and a little more structured inter-
change” between government, acade-
mia and industry.

There are misgivings about the ap-
plied focus of the government’s re-
view in academic quarters. And
Waldegrave insists he can promise
no increases in support for civilian
research. The $1.7 billion planned for the 1993–94 fiscal year was intended to
be a modest boost, but scientific organizations argue that the devaluation of
the pound turned it into a decrease.

The budget strictures mean there is likely to be no quick relief for impover-
ished scientists. Pay is almost unbelievably low by U.S. standards. A trainee re-
searcher relying on the Science and Engineering Research Council for support,
for example, has to survive the first three years after graduation on a stipend of
less than $7,000 a year, a third of the national average wage. The government
seems to have accepted the need for a remedy, and William D. P. Stewart, who is
the government’s chief scientific adviser, is sympathetic to proposals to make
“blue sky” grants for young researchers easier to obtain. But, he warns, “any in-
creases in support for research will have to be coupled with demonstrated in-
creases in efficiency.” 

Britain will be looking for ways to improve efficiency in international “big sci-
ence” projects as well, says Stewart, who is a botanist. He declares that the
country cannot be party to the construction of expensive research facilities that
stem from “national pride” (a dig at the U.S.’s Superconducting Super Collider).
Rather he favors planned international collaborations.

Increasingly, British scientists say they are willing to recognize the financial
realities of research, and some are even anxious to see their work commercial-
ized. But dispelling the British economic malaise will be a tall order, even for a
scientific magic wand. —Tim Beardsley

WILLIAM WALDEGRAVE is presiding over
the Þrst complete shake-up of British sci-
ence in nearly two decades.
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using a fractal formula, trans-
forms its shape, size and color
until it matches another part of
the picture. To do this for each
piece of the puzzle takes some
time; fractal compression is quite
slow. But it produces a much
smaller image Þle, which con-
tains just the numbers needed
to specify the mathematical re-
lations between the pieces, and
not those needed to actually
draw each piece. 

This approach has some
unique advantages. Reconstruct-
ing the image from the numbers
is relatively quick work: Iterat-
edÕs video software can decom-
press tens of images each sec-
ond without any special hard-
ware. Quality depends on the ac-
curacy of the numbers; giving
the compression algorithm more
time or a dedicated computer
processor thus yields better pic-
tures. And the artifacts generat-
ed at higher compression ratios
add an impressionistic blur, ra-
ther than blockiness, to the im-
age. What is more, because frac-
tal images are encoded by equa-
tions, they have no inherent
sizeÑan attractive quality to
publishers who want their prod-
ucts to work as well on a laptop
screen as on a 21-inch monitor.
Barnsley expects that in the long
term, such resolution indepen-
dence will prove irresistible.

So far, however, most of Iter-
atedÕs customers have chosen
fractal compression for its brute pow-
er. Microsoft licensed IteratedÕs software
to compress the nearly 10,000 pictures
it put on Encarta, its CD-ROM encyclo-
pedia, because Òfractal compression pro-
duced much more aesthetically pleas-
ing results than JPEG at high compres-
sion ratios,Ó says Jay Gibson, who man-
ages the project. Racal Radio in Read-
ing, England, put fractal compression
into its PICTOR system for similar rea-
sons. ÒWe wanted to send data Þles over
high-frequency radio, which is current-
ly limited to some hundreds of bits per
second,Ó explains Peter W. Goddard, Ra-
calÕs marketing manager. ÒUsing fractals,
we were able to get a 768-kilobyte pic-
ture Þle down to 10 kilobytes or low-
erÑsmall enough to transmit in two to
three minutes.Ó

Other companies are attempting even
higher compression ratios. Kalman Tech-
nologies used fractal compression to
add video mail to its HydraWorks com-
munications software. ÒWe found com-
pression ratios of about 600:1, which is
what we need to send video mail cost-

eÝectively across public telephone lines,Ó
says company president Steve Swift. Tay-
son Information president Peter A. Rich-
ardson says his company routinely ob-
tained 100:1 compression when it added
fractals to its education software, used
by the University of Guelph in Ontario
to create more than 500 undergraduate
course modules. ÒWe chose fractals be-
cause JPEG is pushing the limit of its ca-
pabilities,Ó Richardson says. ÒFractals
can go and go and go.Ó

How far they can go is a matter of
some dispute. Barnsley has claimed Òef-
fectiveÓ compression ratios of up to
2,500:1. But Òsometimes people expand
the image and then claim compression
relative to the expanded image,Ó notes
Michael F. Shlesinger, who as director of
physics at the OÛce of Naval Research
funded BarnsleyÕs early research. ÒItÕs
just a trick.Ó That trick has some math-
ematicians crying fraud and heaping
scorn on Barnsley. Shlesinger attributes
the controversy to a conßict of person-
alities. ÒBarnsley stopped playing the role
of professor and started playing the role

of entrepreneur,Ó he explains.
ÒHeÕll come to meetings and give
a sales pitch for 45 minutes in-
stead of a mathematics talk. This
drives mathematicians up the
wall.Ó

Academic ire does not seem
to be hindering IteratedÕs busi-
ness, however. Five years and
$18 million after its inception,
Iterated Þnally started making
money. ÒAt the end of last year,
we passed breakeven, and cash
revenues have increased by over
10 percent a month each of the
past six months,Ó boasts Louisa
Anson, a vice president. ÒOur
goal is to go public in 1995.Ó The
company has grown to more
than 56 employees (32 of whom
work in research and develop-
ment), oÝers half a dozen or so
image compression products and
is working to establish a foot-
hold in the nascent computer
video market.

Video will pose a greater chal-
lenge than still-image compres-
sion. The current video compres-
sion standard recently Þnalized
by the Motion Picture Experts
Group (MPEG) is well entrenched
and near a second version. AT&T,
Microsoft, Philips and numerous
other giants have announced
plans to sell MPEG-based video
decoders within the year.

Barnsley cares little. If noth-
ing else, he maintains, the reso-
lution independence of fractals
will triumph in the end. Iterat-

edÕs long-term goal is to produce MPEG-
compatible chips that use fractals to
improve television reception and from
there push into broadcasting. To that
end, the company sought and received
a $2-million grant from the National In-
stitute of Standards and Technology to
help it develop a fractal compression
chip for high-deÞnition television. ÒOnce
we get the reception circuitry in place,
weÕre in a position to oÝer better trans-
mission as well,Ó Barnsley says. ÒItÕs kind
of a Trojan-horse strategy.Ó

In the meantime, Barnsley sees a niche
in CD-ROM video for computers. MPEG
requires special decompression chips
to play video. Iterated has teamed up
with TMM in Thousand Oaks, Calif., to
develop software that plays broadcast-
quality video straight from a CD-ROM.
ÒWeÕre going out full blast at Comdex
[the computer trade show] with video,Ó
Barnsley beams. ÒBy this fall weÕll be a
major player in the desktop computer
video market.Ó But Þrst Barnsley and
his mathematicians must Þnish their
homework. ÑW. Wayt Gibbs
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FRACTAL COMPRESSION technique patented by Iter-
ated Systems reduces data by translating a picture into
fractal equations. The higher the compression, the more
the image is distorted. Clockwise from top left: King of
spades at original, 2.4-megabyte size, then compressed
to 129, 63 and 31 kilobytes.
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THE ANALYTICAL ECONOMIST

T
o traditional economists, the U.S.
health care system looks as if it
had been designed to produce

market failure. Customers have relative-
ly little information about the product
they are buying and must rely largely on
sellers for advice. Sellers are paid accord-
ing to how many procedures they per-
form, regardless of their eÝectiveness.

The price consumers pay for services
bears only a distant connection to the
amount they use. The middle and upper
classes eÝectively buy their health care
in prepaid annual chunks, either direct-
ly or as part of their compensation at
work; the elderly and the poor have
theirs paid for out of tax revenues. In
all cases, the sum at stake when people
decide whether to see a doctor is only a
small fraction of the actual cost.

These perverse incentives have caused
health care expenditures to soar and
have led providers to exclude many
people from the market. The U.S. now
spends $800 billion a year to leave close
to 40 million citizens without adequate
care. This spending diverts resources
from other issues on the national agen-
da and hurts the countryÕs competitive
position. For example, manufacturers
complain that health insurance premi-
ums add more than $2,000 to the price
of an average automobile.

To combat these escalating costs, the
Clinton administration has gathered
more than 500 experts to create a new
health care system. The central feature
of the plan is supposed to be Òman-
aged competition,Ó in which groups of
consumers (either companies or indi-
viduals) bargain with medical consortia
to purchase care at a reasonable price.

Many economists, however, are skep-
tical. They argue that the task force is
ignoring fundamental economic prin-
ciples, which put eÛcient, competitive
health care markets in the same class
as powdered unicorn horn. There is 
no way of arranging health care Þnanc-
ing that does not lead to perverse in-
centives, contends Uwe E. Reinhardt of
Princeton University: ÒWe proved that
years ago.Ó

As long as doctors are paid on a fee-
for-service basis, critics argue, they will
overtreatÑand fear of malpractice liti-
gation tends to encourage unnecessary
tests and procedures. As long as pa-

tients rely on insurance, they will de-
mand more treatment. Economic theory
suggests that forcing patients to cover a
percentage of their medical bills would
curb spending. But, as Henry J. Aaron
of the Brookings Institution observes, if
patients paid enough to make them re-
ally cost-conscious, a single bout of se-
rious illness would spell Þnancial ruin
(as it does today for the uninsured).

Furthermore, Aaron points out, most
health care dollars are spent during epi-
sodes of acute illness, when patients
have little control over charges. Indeed,
in another example of perversity, con-
ventional limits on out-of-pocket costs
may mean that patients have more Þ-
nancial incentive to postpone a check-
up than to avoid a major operation.

Health maintenance organizations
(HMOs), which oÝer to meet all of a
consumerÕs medical needs for a Þxed
fee, have been cited as a major ingredi-

ent in the managed competition plan.
But, as Reinhardt and others note, these
groups create a diÝerent and opposing
set of perverse incentives for physicians
and patients. Doctors receive a Þxed sal-
ary and so do best Þnancially by oÝer-
ing as little care as possible; patients
have paid up front and so proÞt (if that
is the right term) by insisting on max-
imum treatment. The HMO itself has an
incentive to sign up a maximum of sub-
scribers and to minimize the time each
one spends with a physician.

Given this set of imperfect alterna-
tives, critical economists say, the objec-
tive of health care reform must be to
downplay the inherent ßaws in this par-
ticular market rather than making futile
attempts to eliminate them. But is this
insight useful? Most of the suggestions
they oÝer are modiÞcations to the cur-
rent status, not radical departures in the
vein of, say, Great Britain or Canada.

Reinhardt proposes reducing perverse
incentives by setting physiciansÕ in-
comes according to the number of pa-

tients they treatÑa little like setting up
myriad microscopic HMOsÑbut allow-
ing patients to choose freely among
doctors, as HMOs do not. The reward
for undertreatment will be balanced by
the threat that patients will take their
money elsewhere.

Although the ability to switch physi-
cians is important, it is not enough: the
cost of Þnding out whether one has the
wrong doctor is quite high. So the next
step is to monitor the quality of care
and make that information available.
Publicly disseminated physician pro-
Þles would help patients choose wisely,
encouraging both competition and cost
containment.

Indeed, Alan M. Garber of Stanford
University believes medical quality as-
surance will eventually reshape the mar-
ket: ÒWe are faced with the problem of
trimming fat from health care, and we
are going to be cutting out treatments
that do some goodÑbut not very much
and at high cost.Ó Much of the recent
debate over booming expenditures has
focused on the question of whether
high-technology medical interventions
actually improve care.

But studies to determine when expen-
sive medical procedures are vital and
when they are placebos will carry their
own costs. Administrative expenses al-
ready eat up nearly one Þfth of every
health care dollar in the U.S. In ad-
dition, as Victor R. Fuchs of Stanford
comments, such numbers will do noth-
ing to answer such crucial questions as
ÒAre dying patients treated with com-
passion?Ó or ÒHow long does a bedrid-
den hospital patient lie in urine before
someone responds to a call?Ó New mea-
sures of eÝectiveness may have to be
developed if humane medicine is not to
fall victim to cost-cutting.

Perhaps the most paradoxical prob-
lem in health care reform is that if man-
aged competition or negotiated caps on
medical spending do succeed in con-
trolling costs, policymakers will be sti-
ßing one of the past decadeÕs most po-
tent sources of new jobs. Health care has
been almost a textbook case of the tran-
sition from the smokestack industry to
the service economy. ÒEvery dollar spent
on administration is a dollar of income
to someone,Ó Fuchs says. With almost
one seventh of its gross national prod-
uct dependent on health industries, the
U.S. may be in a classic double bind.
ÑPaul Wallich and Marguerite Holloway

Health Care without Perverse Incentives

EÛcient, competitive
health care markets may
be in the same class as
powdered unicorn horn.
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MATHEMATICAL RECREATIONS  by Ian Stewart

T
he ßoor was littered with bits 
of paper pattern, pins and snip-
pets of cloth. Jemima Duddlepuck

whistled as she worked on her new sum-
mer dress, while in a corner her dog,
PucciÑwho was rather lazy and very
fatÑsnored happily. It was the Þrst time
Jemima had ever tried to make a dress
with a lining. All that remained was to
sew the two together, so that the seams
ended up inside, between lining and
dress, invisible from the outside. 

She looked at the instructions. ÒTurn
the lining inside out. Slip it over the
dress. Machine around the neck and
armholes. Turn the completed dress the
right side out.Ó Ever so gingerly, she
machined around the armholes and the
neck. The hems, of course, were left un-
attached. Done! Oh, it was going to be
really nice. Jemima began to turn it in-
side out.

Funny. Was something stuck? No, if
she turned it back to the start, then ev-
erything seemed okay. But that Þnal
twist eluded her. Half an hour later 
she hurled the balled-up wad of mate-
rial into the corner of the room and
burst into tears. All that work for noth-
ing. Then, having vented her frustra-
tion, she sat down to think the matter
through. Jemima believed in learning
from mistakes.

Had she made some parts the wrong
shape? No, that wasnÕt likely. If you
couldnÕt turn a slightly distorted dress
inside out, then you couldnÕt turn a per-
fectly made one inside out either. Whe-
ther or not you could turn something in-
side out was a topological questionÑthe
answer didnÕt change if the object was
continuously deformed. That meant two
things. First, there was something wrong
with the instructions in the pattern
bookÑbecause whatever mistakes sheÕd
made, they had to be very small ones.
Second, there had to be a topological rea-
son why the instructions were wrong.

What could she remember about to-
pology? Well, there was the idea of to-
pological equivalence. Two objects are
Òthe same,Ó or topologically equivalent,
if one can be deformed continuously
into the other. You can bend them and
stretch them and shrink them and twist
them, but you cannot cut them or tear
them or glue bits together that werenÕt
glued together to begin with. That was

the basic ideaÑbut what kind of things
did topologists study? There was a lot
of stuÝ about Klein bottles and M�bius
strips, surfaces with only one side. But
that wasnÕt likely to be relevant to prob-
lems about things with two sides. Then
there was some other stuÝ about sur-
faces with holes. That was more likely
to be useful.

She recalled that ÒholeÓ is a rather am-
biguous word in topology. For instance,
people usually say that a donutÑor tor-
usÑhas a hole in it. But the hole isnÕt
really in the donut at all. ItÕs just a place
where the donut isnÕt. Whereas if you
take a car inner tubeÑalso a torusÑand
cut out a patch of rubber, then you 
really do get a hole.

All right, she thought, IÕll call the kind
of hole you cut out with scissors a hole,

and the kind where the surface just isnÕt
IÕll call a tunnel. One way to create a tun-
nel is to add a handle to a simpler sur-
face [see illustration above]. By adding
handles one at a time to a sphere, you
Þrst get a torus, with one tunnel through
the middle. And then thereÕs the two-
handled torus, the three-handled torus
and so on. She knew these were often
called the two-holed torus and so on,
but she wasnÕt keen to use the ÒholeÓ
terminology without being very careful
indeed what she meant. 

Now, the instructions were to turn
the lining inside out, so that its outside
was on the inside; machine the neck and
armholes; and then turn both lining

and dress inside out so that the inside
of the lining was next to the inside of
the dressÑno, the outside of the inside
of the. . .no, the inside-out linÑ. Oh,
heck. Terminology for sides was going
to be at least as much a problem as ter-
minology for holes.

Start again. The dress has two sides:
the outside, which is what everyone sees
when you wear it, and the inside, which
is what they donÕt see. The lining also
has an inside and outside, but those are
confusing words. So call the side of the
lining that Þts next to the skin the skin-
side and the other side of it the skirt-
side because it goes next to the dress.
Well, as mnemonics go, those werenÕt
too bad. It reminded her of George A.
StrongÕs parody of Hiawatha:

When he killed the Mudjokivis,
Of the skin he made him mittens,
Made them with the fur side inside,
Made them with the skin side outside,
He, to get the warm side inside,
Put the inside skin side outside.

So the sides of the material, read-
ing outward, have to end up in this or-
der: skinside, skirtside, inside, outside.
And they had to be machined so that
the stitches around the armholes and
the neck were hidden between skirt-
side and inside.

Topologically, both the dress and lin-
ing were equivalent to disks with three
holes. The rim of each disk was the hem,
and the holes were the two armholes
and the neckhole. What the pattern book
said was to place the disks so that the
skinside was next to the outside; ma-
chine all three holes so that the stitch-
es were on the skirtside/inside surfac-
es [see top left illustration on opposite

page] and then turn the whole ensem-
ble inside out.

So the question was, what happened?
Well, she thought, you can deform the
whole ensemble topologically until it 
becomes a two-handled torus with two
holes cut in it. (To see why, imagine slid-
ing both ends of the two armhole tubes
onto the neckhole tube and then bend-
ing the dress hem up and the lining hem
down and shrinking them [see top right

illustration on opposite page].) So the
problem becomes: Can you turn a two-
handled torus inside out if there are
two holes in it?

It was kind of hard to think about, so
Jemima started with something simpler.

The Topological Dressmaker

110 SCIENTIFIC AMERICAN July 1993

Some topological terminology

TUNNEL

HANDLE

HOLE

Copyright 1993 Scientific American, Inc.



Can you turn an ordinary torus inside
out when one hole is cut in it? And the
answer, of course, was yes. The idea was
to ßip the entire thing through the hole,
but then the handle was like a tunnel
bored into a sphere rather than a han-
dle stuck on the outside. But you could

imagine sticking a Þnger into the tun-
nel and straightening it. Then the part
of the surface ÒoutsideÓ the tunnel is a
rather distorted handle, which can be ti-
died up to look like a neater one. Then
you got something that looked just like
a torus again [see illustration below]. 

So topologically, there was no diÛculty.
She realized she could play the same

game on the two-handled torus, too.
She sketched a series of pictures of the
process. First, turn the whole thing in-
side out through its holes, rather like
reversing a sock (or in this case an an-
kle warmer because of the two holes).
Then the two handles on the outside
became two tunnels on the inside [see

illustration on next page]. But then you
can stick your Þnger into each in turn
and pull it out to create a handle on the
outside. And then all you have to do 
is twist each handle around, and you
end up with the original ensemble, but
turned inside out.

Hmm. You could do it topologically,
then. Strange, because when she tried it
with an actual dress, it didnÕt work.
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DRESS PLUS LINING is topologically equivalent to two disks,
each with three holes, sewn together along three edges (left).

This conÞguration in turn is topologically equivalent to a two-
handled torus with two holes, hems of dress and lining (right).

How to turn a torus inside out through one hole
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Why not? Dresses, unlike topological
spaces, canÕt be stretched or shrunk.
They can be crumpled up and twisted
around, though. It was possible that the
material nature of the dress changed
the answer, but she had a feeling that
something both simpler and more fun-
damental was involved. She picked up
the ruined mess from where she had
ßung it and smoothed it out. She could
wriggle her arm between the various
surfaces, and it really did seem as if
there were three handles. But near the
armholes and neckhole everything was
confused, as if the lining and the dress
were getting mixed up. There were three
handles, all right, but they just werenÕt
in the right places.

Aha! SheÕd forgotten to think about
the seams. They had to end up in the
right places, neatly separating dress
from lining. But did they?

She drew the seams on her pictures.
No, they didnÕt. When the surface was
stretched, to create the handles from the
tunnels, and then twisted to put the han-
dles in the right place, all three seams
ended up in completely the wrong pla-
ces. (E. C. Zeeman of the University of
Oxford has proved that there is no way
to make them end up in the right places.)
So that was the topological obstruction
to turning the ensemble inside out. You
couldnÕt do it if the seams had to end
up where they started.

And that gave her another idea. May-
be the ensemble wasnÕt ruined after all.
She could unpick the stitches and try 
to Þnd some other method of making
the seams. She would be on her own,
thoughÑobviously, the instructions on
the pattern were crazy.

Jemima unpicked one armhole, then
the other. She was about to start on the

neck when she had another thought.
Topologically, each hole was just as
good as the others. You had to start by
machining some seam. The neck was as
good a place to start as any.

LetÕs experiment, she mused. She
pulled the lining inside the dress, skin-
side inside, then skirtside next to inside
of dress, then the outside of the dressÑ
well, outside.

Great! She even found that she could
poke the arms of the lining down the
arms of the dress, just where they ought
to end up. The only trouble was, she
couldnÕt machine around the seam; the
stitches would be on the outside.

So turn just the arm inside out. She
pulled the arm of the lining inside the
dress, turning it inside out like a sock.
Then she did the same with the arm of
the dress. She burrowed into the en-
semble from the hem end, ßashlight in
hand. It certainly looked as if the arm
could be restored to its correct posi-
tion. All she had to do was push the sew-
ing machine up inside the ensemble
and thenÑ

Stupid. Sheepishly, she backed out of
the heap of crumpled cloth. She reached
in through the neck and pulled the
sleeve out into the open. She ran the
seam through the machine, then turned
it inside out and back to its proper po-
sition. Now the dress really was Þn-
ished. She tried it on and pirouetted in
front of the mirror. Brilliant!

I ought to write a book about this, she
reßected. Topology for Tailors. I could
throw in all the party tricks, like tak-
ing oÝ your vest without removing your
jacket.

By now her mind was in overdrive.
Suppose you were a Martian with 17
arms. How many hems would be need-
ed to make a Martian ensemble, dress
plus lining? Seventeen? No, just two. Use
the same trick of machining the neck
only and then dealing with each arm in
turn by pulling it through the neckhole,
inside out. Unfortunately, there werenÕt
any Martians. So she wouldnÕt get to try
it outÑÒPucci, stop that, your nose is
all wet!Ó She pushed the little dog gen-
tly away.

Say, Pucci had four Òarms,Ó and its
tail could poke out through the hems.
Jemima took the dogÕs measurements,
tut-tutting at the Þgures for the waist-
line. She cut shapes from remnants of
the cloth, whistled, sewed, twisted and
turned. Yes, even with four ÒarmÓ holes,
the method worked Þne. Now to see if
the dress Þtted the dog.

It Þtted, in the sense that the mea-
surements were okay. But fat dog into
small hole wonÕt go.

In the real world, there are nontopo-
logical constraints.
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TO TURN the ensemble inside out, reverse the whole thing. Pull the tunnels out to form
handles. Twist the handles into correct position. Note, however, where seams end up.
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BOOK REVIEW by Gerard Piel

PREPARING FOR THE TWENTY-FIRST CEN-
TURY, by Paul Kennedy. Random House,
1993 ($25).

I
n 1988 Paul Kennedy welcomed the
Bush administration into oÛce with
the advice that the U.S. had begun

to follow the British Empire into the in-
evitable second phase of The Rise and

Fall of the Great Powers, as his popu-
lar book was entitled. Now the J. Rich-
ardson Dilworth Professor of History at
Yale University welcomes the Clinton ad-
ministration with the word that there is
more to history than history. 

In Preparing for the Twenty-First Cen-

tury, he asserts that political leaders
must reckon with three crises approach-
ing from outside of history as it is usu-
ally told. Kennedy sees them, inextrica-
bly interconnected, as the current dou-
bling of the world population, the peril
in which the crowding human presence
places the global ecosystem and the dis-
ruption of social institutions as well as
the environment by technologies that
are taking over life functions, including
those of the human nervous system.

It augurs well that a historian should
thus bring into his reckoning the long-
term continuities of the human expe-
rience. With better comprehension of
those realities, historians and the polit-
ical leadership they seek to instruct
might begin to Þnd ways to bring his-
tory to stop repeating itself.

In part one of his book, Kennedy gives
the current exigencies a compelling pre-
sentation. He states the predicament of
population growth in a single, trenchant
paragraph. Humankind numbered one
billion at the end of the 18th century,
when Thomas Malthus Þrst estimated
its size and made his familiar predic-
tion of the cruel consequences to fol-
low from what he perceived to be its
inexorable and accelerating growth. In
fulÞllment of Malthusian misgivings, the
number of the earthÕs inhabitants dou-
bled in the next century and then dou-
bled again in the next half century. By
1990 it had increased to 5.3 billion.

Having given Malthus his due, Ken-
nedy points to a new phenomenon in
human population dynamics: increases
have all but halted in the industrial coun-
tries. ÒEven among todayÕs fast-expand-

ing populations of the developing
world,Ó Kennedy says, Òdemographers
expect average family sizes to decline
in the future, as urbanization and oth-
er factors cause a demographic transi-
tion and numbers begin to stabilize.Ó

The demographic transition has a
longer existence in human experience
than this passing mention suggests.
Demographers see global population
moving from the near-zero growth that
persisted up to 1600 at high death and
birth rates, with life expectancy as short
as 25 years, back again to near-zero
growth at low death and birth rates,
with life expectancy exceeding 75 years.
The population explosion began in the
17th century in the now industrial coun-
tries. Representing one quarter of the
worldÕs inhabitants today, these nations
have nearly completed the demograph-
ic transition. The leading edge of indus-
trial revolutionÑsanitation and vacci-
nation, mass literacy, the green revolu-
tion in agricultureÑhas crossed into
the developing countries. In this trend,
demographers Þnd grounds to forecast
stabilization of the population at a num-
ber technology and the earthÕs Þnite re-
sources can sustain in civilized comfort.

ÒBut that is decades awayÑeven if

those forecasts are correct,Ó Kennedy
concludes. ÒBefore we reach what is
termed Ôglobal replacement fertilityÕ lev-
els, which United Nations authorities

believe may occur around 2045, the pop-
ulation supertanker will have moved a
long way.Ó

It must indeed make a diÝerence, as
Kennedy argues, whether human beings
stabilize their numbers at 10 billion or
20 billion. This, not the nightmare in-
crease to terminal misery, is the popu-
lation crisis.

The human presence already perturbs
the life cycles of the planetary ecosys-
tem. The industrial revolution, by mak-
ing all the citizens in some nations rich
and by lengthening the life expectancy
of people even in the poorest nations,
has ampliÞed that inßuence. In their dif-
ferent ways, the rich, by their appetites,
and the poor, in their increasing num-
ber, devastate the local, regional and glo-
bal environment.

Kennedy gives Þrst priority to the
threat of global warming. (The evident
eÝects of the thinning of the ozone lay-
er on photosynthesis may soon give that
threat higher priority.) Observation has
established a measurable increase in the
current concentration of carbon diox-
ide in the atmosphere; that is the result
principally of the fourfold increase since
1950 in the combustion of fossil fuels.
The geologic record shows the average
ambient global temperature rising and
falling in correlation with change in that
concentration. Whatever scientiÞc un-
certainty qualiÞes the present threat,
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EXTENSIVE SLUMS in Rio de Janeiro kept the 1992 United Nations Conference on
Environment and Development conscious of the worldÕs most serious problems.
(The photograph does not appear in the book under review.)
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the rise in sea level and rearrangement
of the climate map consequent to even
a small increase in global temperature
in the past should be compelling ac-
tion now.

What is more, the economic develop-
ment of the poor countries, crucial to
the timing of their demographic transi-
tion and so to the size of the ultimate
population, portends another fourfold
multiplication of the output of energy.
Without alternatives to fossil fuels, the
environment appears in KennedyÕs prog-
nosis to be damned if they do and
damned if they do not make the demo-
graphic transition.

Kennedy Þnds technology posing
equal dilemma to the social arrange-
ments of humankind. ÒDematerializedÓ
manufacturing technologies, no longer
bound to the source of their raw mate-
rials, allow transnational corporations
to seize the comparative advantage of
poverty and build their factories in low-
wage preindustrial countriesÑor staÝ
them with robots at home. The extend-
ed, collective human nervous system ar-
rayed in the high-velocity, high-capacity
global communications network con-
ducts 24-hour-a-day trading and spec-
ulation in national currencies, Ò90 per-
cent of [it] . . .unrelated to trade or capi-
tal investment.Ó In the borderless world
economy the waning of the national
state Òerodes a peopleÕs capacity to
control its own aÝairs.Ó

Along with factory ghost towns, bank-
rupted by the Òtransnationalization of
manufacturing,Ó the U.S. has prairie
ghost towns depopulated in the Òtrivi-
alizationÓ of agriculture by new tech-
nology from the life sciences. The same
biotechnology that ensures increase of
food supply in pace with the growing
numbers of people may deprive prein-
dustrial villagers of their livelihoods by
ÒsigniÞcant relocation of agricultural
production (or its substitutes) out of the
developing worldÓ or by Òin vitro pro-
ductionÓ of food in situ.

On territory more familiar to histori-
ans in part two, Kennedy conducts a
comprehensive survey of nations and
regions, extrapolating from their pres-
ent situations and trends possible cours-
es for each into the 21st century. He as-
sesses their prospective ups and downs
and their chances to arrive at mid-cen-
tury as winners or losers. His assess-
ments hold no surprises.

Japan is thus a likely winner. That is
qualiÞed in large part by the degree to
which dematerialized technology may
incorporate the Japanese world-bestrid-
ing industrial enterprises into the plan-
etary family of transnationals. At pres-
ent, Japanese corporations remain de-
voutly Japanese. For the celebrated Òti-
gers of East Asia,Ó Kennedy makes an

almost equally hopeful but separate ap-
praisal. Here he fails to reckon with the
reality of the Greater East Asia Co-Pros-
perity Sphere. The tigers and still big-
ger new partners, Indonesia, Malaysia
and Thailand, run huge deÞcits in their
trade with Japan; they oÝset them by a
combined surplus in their trade with
the U.S. that is equal to JapanÕs. Surely,
the future of this empire, now in such
good working order, strongly conditions
the future of each of its members, start-
ing with Japan.

India and China, with one third of the
worldÕs people, command consideration
together. Population growth reduces
their impressive achievements in eco-
nomic development to small per capita
gains, IndiaÕs smaller than ChinaÕs. Eq-
uity in distribution of gains, more so in
China than in India, has advanced both
nations into the demographic transition,
again China ahead of India. Together
they are bound to make huge additions
to the ultimate world population and
still huger contributions to the concen-
tration of carbon dioxide in the atmo-
sphere. Economic change will put their
unity as nations under stress. For indi-
vidual Indians and Chinese, life will be
hard but less brutish and short.

In assessment close to prophesy, Ken-
nedy sees the calamity of Africa below
the Sahara extending without remission
into the 21st century. Second only to
that of Africa, the poverty of Latin Amer-
ica promises to resist whatever devel-
opment its countries achieve. In this con-
nection, Kennedy does not give enough
weight to the inequality, amounting to
inequity, in income distribution prevail-
ing in the region: the top 20 percent in-
come group in Brazil keeps 62.6 per-
cent of the gross national product and
allots 2.4 percent of it to the bottom 
20 percent.

Hardest to decipher, Kennedy decides,
are the futures of the erstwhile U.S.S.R.
and its former buÝer states in Eastern
Europe. Russia is bearing the brunt of
the Soviet Òtriple crisisÓÑthe economic
incompetence of a lopsided industrial
system, the uncertain legitimacy of the
successor political powers and the rush
of ethnic minorities to self-determina-
tion. However it weathers the near term,
Russia faces the long-term ethnic Òre-
vengeÓ of population explosion in the
newly sovereign Siberian republics.
(They, as well as Kennedy, may call it
Òrevenge,Ó but they owe their popula-
tion explosions to Russian promotion
of economic development in the Soviet
internal Third World.) Poland, the for-
mer Czechoslovakia and Hungary are
prospective Òfast adjusters,Ó with econo-
mies recovering to 1989 levels as early
as next year. Even the Òslow adjustersÓÑ
Romania and the BalkansÑget there
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ahead of Russia and the other fragments
of the U.S.S.R.

The alternative futures of the West-
ern European countries hang on their
progress toward economic and political
community. Concentration of economic
power in their transnationals clouds the
political scene: it hardens national bor-
ders even as it transcends them. Europe
must continue under pressure of mi-
gration from poverty in West Asia and
North Africa, unrelieved by fundamen-
talist Muslim rebellion. Despite all un-
certainties, science, technology and civ-
ilization seem to hold out the good life
to the next generations of Europeans.

Five years have given Kennedy no rea-
son to adjust the trajectory on which
he pointed the U.S. in his earlier book.
He stoutly maintains his ÒdeclinismÓ
against the protests that have come
meanwhile from die-hard supply-side
publicists. The U.S. has a combined pub-
lic, business and household debt ap-
proaching 200 percent of the worldÕs
biggest GNP. It borrows $100 billion a
year from the world economy. It loses
one Þfth of its children from school in
their high school years. The number of
candidates for advanced degrees in its
universities is declining. Homicide rates
per capita are Þve times the worst found
in other industrial countries. The U.S.
crowds more than a million convicts into
its prisons, among them 40 times as
many black prisoners, proportionately,
as South Africa at the peak of apar-
theid. It holds family incomes at mid-
1970s levels, even as the average com-
pensation of the managers of failing in-
dustrial enterprises ascends from 40 to
90 times their payroll averages. It cele-
brates gains in ÒproductivityÓ calculated
from increases in applications for un-
employment insurance. The U.S. can
have no plan for the 21st century Òwith-
out becoming a diÝerent kind of coun-
try.Ó For that, short of a ÒsuÛcient shock
to complacency,Ó the prospect is small.
ÒThat, in turn, would require leadership
very different from the sort demonstrat-
ed by recent incumbents of the White
House, whether it concerned domestic
deÞcits or global population and envi-
ronmental issues.Ó

On those issues that intrude from the
world outside, Kennedy has little help
to oÝer the leaders of the U.S. and the
other industrial nations. He is misled
on his venture into unfamiliar territo-
ry. The 21st century is not irrevocably
committed to fossil fuels and climatic
change. Investment now in promising
alternative energy conversion cycles can
meet the fourfold increase in energy de-
mand without further opaquing of the
carbon dioxide window. The capture of
sunlight by photovoltaic cells and stor-
age of the energy in hydrogen are al-
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ready in pilot-plant development with
government funding in Japan and Ger-
many. Biotech ÒreÞneriesÓ of synthet-
ic nourishmentÑfeedstocks not speci-
ÞedÑare unlikely to obviate farmlands
and villagers to cultivate them.

With respect to the demographic tran-
sition in the preindustrial countries and
the economic assistance needed to en-
courage it, Kennedy has even less help
to oÝer. He settles for distribution of
contraceptives to the natives and, in an
improvement on that condescension,
the encouragement of female literacy.
It is true that people in the developing
countries are motivated to control fer-
tility at much lower incomes than those
at which contraception became wide-
spread in the industrial countries. Thus,
they are making the demographic tran-
sition in a much shorter time. An exten-
sive literature on economic development
supports the necessity, however, of ap-
propriate physical and cultural setting
for promotion of female literacy and
motivation of fertility control: potable
if not running water, a modicum of sani-
tation and schoolhouses, to start with. 

Kennedy refers to a ÒUN Conference
on Trade and DevelopmentÓ and Ò$125
billion a year to pay for new environ-
mental programs. . .swiftly trimmed to
a request for an additional $5 to $10
billion a year, in recognition of todayÕs
political and economic realities.Ó What-
ever happened at that UNCTAD meet-
ing in Paris in 1990, that $125 billion
stays there on the green-baize table at
which the rich and poor countries are
negotiating the future of the planet and
its inhabitants. At the U.N. Conference
on Environment and Development in Rio
de Janeiro in June 1992, the then 172
rich and poor member states adopted
Agenda 21. In preparation for the 21st
century, this calls for annual investment
in the economic development of the
poor countries at the rate of $600 bil-
lion. The poor nations are to supply
nearly $500 billion in the form of labor
and natural resources. The $125 billion
is the share of the rich countries. It is
speciÞed in the form of the catalytic
Òtechnology transferÓ necessary to put
those people and resources to work.

Agenda 21 stands as the Þrst interna-
tional agreement premised on the de-
mographic transition. Its great objective
is to hasten the arrival of the human
population at a smaller ultimate size.
While it is a nonbinding agreement, it
does set out a Òglobal consensus and
political commitment at the highest lev-
elsÓ on what needs to be done about
population, environment and develop-
ment, comprehended in a program of
sustainable development. By action of
the U.N. General Assembly in December,
Agenda 21 is now the agenda of the

U.N., at the very least an agenda for on-
going debate in the General Assembly.

Implementation of Agenda 21 relies,
of course, on the forthcoming of that
$125 billion a year. As Kennedy notes,
the Nordic countries (and Canada) are
laying out 0.7 percent of their GNP in
economic assistance to the developing
countries. They are only making good
on a promise in which all the industrial
countries joined 20 years ago. In 1961,
on a motion made by John F. Kennedy,
they had promised 1.0 percent of their
GNP to make the 1960s the ÒDecade of
Development.Ó When the 1960s went
into history as the decade of disappoint-
ment for the preindustrial countries, the
industrial countries committed to the
more ÒrealisticÓ figure of 0.7 percent.

By no coincidence, that is precisely the
percentage of the GNP of the industrial
world that yields $125 billion. At Rio,
the rich countries, with the exception
of the U.S., promised to bring their out-
lays for economic assistance up to the
0.7 percent Òas soon as possible.Ó The
European Community and Japan were
ready to make a down payment on their
promise. They refrained out of diplo-
matic courtesy to the Bush reelection
campaign and are waiting for the Clin-
ton administration to settle into oÛce.

If Agenda 21 has been so little cele-
brated in the U.S. mass media as to
make this mention of it the Þrst that
has called it to the readerÕs attention,
more will be heard of it during this last
decade of the 20th century. Agenda 21
now has its own undersecretary gener-
al for sustainable development installed
at U.N. headquarters in New York City
and a determined caucus of developing
countries in the General Assembly. It is
gathering the support, moreover, of the
citizen movements around the world
that put environmental protection agen-
cies into nearly every national govern-
ment during the past two decades. At
Rio, in their own Global Forum, 20,000
environmental zealots learned that pov-
erty connects the integrity of the envi-
ronment to development.

Anxious to create jobs, especially in
the smokestack industries, President Bill
Clinton may soon Þnd it desirable to
seek to increase the U.S. annual outlay to
Òforeign aidÓ above the present paltry
and misdirected 0.2 percent of the coun-
tryÕs GNP. His vice president is on rec-
ord advocating a Òglobal Marshall plan.Ó

More sympathetic acquaintance with
the relevant Òpolitical and economic re-
alities,Ó as well as with continuities of
human experience less familiar to him,
might have encouraged Paul Kennedy to
urge bolder action.

GERARD PIEL is chairman emeritus of

ScientiÞc American.
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T
he military defense of the U.S. has
been the best articulated motiva-
tion for the support of basic sci-

ence. Also important has been a wide-
spread belief that scientiÞc leadership
would translate into both economic pow-
er and a higher standard of living. The
disappearance of the threat from the So-
viet Union has undermined one of these
rationales. The slow growth of the Amer-
ican economy, contrasted with the rapid
progress of Japan, which is not a world
leader in academic science, has eroded
the other.

Does basic research have something
to oÝer when economic progress and
improving the environment have dis-
placed the military threat on the nationÕs
agenda? If so, how much basic research
is needed?

The history of the computer answers
the Þrst question. The transistor could
not have been invented without years
of basic research that built a quantum
mechanical understanding of crystalline
solids. Without that work neither the de-
vice itself nor the subsequent gains in
computing power accompanied by de-
clining cost per circuit element would
have been possible. We would not have
the computer industry as we know it.

The research in solid-state physics
that preceded the invention of the tran-
sistor exempliÞes one kind of relation
between science and economic progress.
In this case, it is the emergence of use-
ful technology from research pursued
without a visible industrial goal. At the
next stage are areas of science such as
high-temperature superconductivity that
have not generated new industries but
do have discernible economic potential.
Then there are new science-based in-
dustries closely dependent on funda-
mental research that already yield prod-
ucts. Biotechnology is one. It is not a
large industry today, but it has enor-
mous potential. This kind of infant in-
dustry, moving at a fast technical and
competitive pace, requires continuous
input of new science to maintain its 
expansion. 

At the more developed stage reached
by the semiconductor and pharmaceu-
tical industries, technical directions have
stabilized. In such industries, corporate
R&D laboratories meet much of the sci-
entiÞc needs. Then there are industries

in which technological change itself is
slow. For these the tie to current science
is correspondingly weak. Automobile
manufacturing is an example of an in-
dustry that requires only the science that
is available to everyone.

For industries of either of these last
two types, ones that are like semicon-
ductors or like automobiles, productiv-
ity gains and market dominance come,
for the most part, from improving de-
sign and production processes, percep-
tive marketing strategies and managing
people to beneÞt from their most cre-
ative capabilities. In some of these in-
dustries, we observe that Japan, in spite
of its lack of prominence in academic
science, has become a global power.

For ßedgling science-based industries,
then, the linkage to research must be
close and continuous. Industries that are
already well on their way can be sus-
tained by the work of their own labora-
tories. For mature industries, the main
contribution of science may be the
graduates who can use the knowledge
available to all.

C
learly, science does have an eco-
nomic role. How do we decide
what science to support and at

what level to support it?
Our proposition is a simple one: all

major Þelds of U.S science should be
funded at a level that will keep them
among the worldÕs leaders. Being one of
the leaders will enable us to be among
the Þrst to participate in the birth of
new industries. This basic economic ra-
tionale must apply to all disciplines, be-
cause we do not know where the next
signiÞcant event will take place. Moving
quickly when something exciting does
happen in a Þeld may even call for in-
creasing the support of that scientiÞc
area. Action may be necessary down-
stream as well.

We are suggesting that the economic
criterion for deciding how much to sup-
port American science is a comparative
one. Can comparisons by disciplines
actually be carried out? The many stud-
ies conducted by the National Research
Council, the opinions of researchers in
the Þeld and the number of Þrst-rate
scientists in a particular area all provide
useful indicators.

We believe the goal of having a world-

class scientiÞc enterprise can be ob-
tained without increasing the federal
budget. The reason is that in the U.S.
most Þelds of science probably already
satisfy our test. 

For those sciences that directly sup-
port the infant industries we have de-
scribed, we propose that the U.S. should
maintain a deÞnite advantage. We might
expect, for example, to see strong sup-
port for those parts of molecular and
cellular biology and immunology that
assure a primary position in therapeu-
tic and diagnostic technology and in ag-
ricultural biotechnology. We would ex-
pect to see such support for condensed-
matter physics, for chemistry and for
the material sciences that contribute to
the development of products based on
high-temperature superconductivity. 

None of these considerations should
exclude funding based on other objec-
tives and values. They might include
contributions to health, to the environ-
ment or to other societal goals or a de-
cision to emphasize a Þeld because of
its intellectual excitement. The econom-
ic rationale based on the comparative
world-class criterion, however, should
put a Þrm ßoor under the support of
basic science.

In some cases, for example, space sci-
ence, we may be spending billions more
than anyone else. Funds from such Þelds
should be redirected to areas in which
our advantage is less overwhelming. In
areas of inquiryÑparticle physics, for
oneÑthat depend on a small number
of expensive, experimental installations,
our standing could probably be main-
tained more easily by dealing with the
complexities of international coopera-
tion than by absorbing the enormous ex-
pense of an unneeded rivalry for world
leadership. 

We believe this approach would lead
to a more predictable, stable scientiÞc
environment in which the funding could
be determined on a long-term basis. It
would help science to be a more attrac-
tive career for both the established and
the young scientist. It would assure that
our leading scientists would be well
funded and that our country would be
in a position to beneÞt economically
from their work.

RALPH GOMORY is president and

HIRSH COHEN is program oÛcer for

industrial studies at the Alfred P. Sloan
Foundation in New York City.
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