SCIENTIFIC =™
AMERICAN

The promise of diamond semiconductors.
Was early man a heroic hunter—or a scavenger?
Raising the grades in U.S. science education.

Light signals split by a simple prism allow
messages to be transmitted in absolute secrecy.
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For further information,
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growing businesses are provided a source of telecom- like GTE SmartCall™ A service offering many options
munications technology equal to that enjoyed by larger including call-waiting, call-forwarding and 3-way calling.
corporations. Without expensive on-site equipment. At GTE, we give you the resources necessary to flourish

For our residential customers we provide advantages  in any environment. Because at GTE, the power is on.
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How Many Species Inhabit the Earth?
Robert M. May

Nobody really knows. Estimates of the number of plant, animal and other species
vary from three million to more than 30 million, but after more than 250 years
of systematic research, taxonomists have catalogued fewer than two million. The
author argues that an accurate census is crucial for efforts to preserve diversity
and to manage the biological and physical resources of the planet.

Quantum Cryptography
Charles H. Bennett, Gilles Brassard and Artur K. Ekert

The desire to communicate in total secrecy is probably as old as humankind.
Myriad codes and ciphers have been devised only to be broken by mathemati-
cians. Quantum physics may finally give the communicating parties a decisive
edge. Because observing a quantum phenomenon perturbs that which is seen,
any attempt at eavesdropping will alert the legitimate users.

Mountain Sickness
Charles S. Houston

As a Chinese archivist of the fifth century watched, his companion on the Silk
Route struggled to breathe, fell and fainted, a froth dotting his lips. Death soon
followed. Mountain sickness, which is caused by a lack of oxygen at high alti-
tudes, has become more common as record numbers of people visit mountains
to climb, ski and vacation. But the condition is treatable—and preventable.

Histones as Regulators of Genes
Michael Grunstein

Until recently, these proteins in the nuclei of cells were regarded as little more
than passive spindles around which the crucial molecules of DNA wound. Their
task turns out to be more complex: histones are vital participants in the expres-
sion and suppression of genes. Insights into their role should help explain how
the process can go awry and lead to diseases such as cancer.

Singing Caterpillars, Ants and Symbiosis
Philip J. DeVries

The lumbering, plump precursor of the butterfly is a favorite comestible of many
predators. So a few species have arranged for protection by ants. The caterpillars
advertise their presence by “singing” with a vibratory organ. They then trick the
ants into defending them by releasing a chemical that mimics an ant alarm signal
and reward their fierce bodyguards by secreting a nutritious nectar.
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Diamond Film Semiconductors
Michael W. Geis and John C. Angus

Diamonds may one day be a chip maker’s best friend. The ability to produce
thin sheets of diamond from a low-pressure gas is a significant step toward a
new generation of fast, high-temperature circuits. But formidable fabrication
problems must be overcome before diamond chips become a commercial reality.

Scavenging and Human Evolution
Robert J. Blumenschine and John A. Cavallo

Should we identify with the lion or the hyena? The skills of hunting, so the theory
runs, were a major factor in our evolution into hand-using, toolmaking lords of cre-
ation. The authors argue that the same course could have resulted from competing
with hyenas and other scavengers for carcasses left by predators such as lions.

TRENDS IN SCIENCE EDUCATION

Teaching Real Science
Tim Beardsley, staff writer

Aversion to science is not just socially acceptable in elementary and high
schools—it has become positively hip. And the performance of US. students in
math and science is abysmal. Now a group of educators believes it can revitalize
science education with the establishment of innovative national standards. But
this is hardly the first attempt at curriculum reform. Will it succeed?
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THE COVER painting features a calcite Wol-
laston prism, the key component in a cryp-
tographic system that conveys information
in absolute secrecy. The prism shifts pho-
tons polarized in the horizontal direction
to the left, while directing vertically polar-
ized photons toward the right. By generat-
ing and then measuring photons with dif-
ferent polarization, two people can send
messages and detect eavesdropping (see
“Quantum Cryptography,” by Charles H.
Bennett, Gilles Brassard and Artur K. Ekert,
page 50).
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On Treating AIDS

As a professional concerned with the
planning and management of AIDS
treatment programs, I read with inter-
est “Understanding the AIDS Pandem-
ic,” by Roy M. Anderson and Robert M.
May [SCIENTIFIC AMERICAN, May]. The
authors demonstrate the danger of
moving too hastily even to provisional
conclusions when they suggest that zi-
dovudine (AZT) treatment to slow the
progress of the disease may be benefi-
cial to the individual but not necessari-
ly for the community. Among the side
effects of AZT are persistent nausea
and other physical conditions that af-
fect sexual activity. Anecdotal reports
suggest that patients far enough along
in the course of the disease to be on
AZT tend to be concerned about how
to restore their sexual drives.I am led to
the conclusion that AZT therapy does
not raise the risk of transmission and
may actually decrease it.

My concern is that in an otherwise
informative and useful article, even the
tentative suggestion that AZT therapy
may be detrimental to the public will
influence some physicians who are ei-
ther uninformed or prejudiced to with-
hold life-prolonging treatments from in-
dividuals who do not represent a public
health risk. It is not farfetched to ex-
pect that uninformed policymakers will
seize on such statements and use them
to limit the support for treatments.

MENACHEM EMANUEL
Chicago, 11l

Anderson and May reply:

We most certainly would not wish the
questions raised in our article to be mis-
used to argue for withholding AZT treat-
ments or the funds for them. We do,
however, continue to believe that con-
siderations of transmissibility should, as
far as possible, play a larger and more
explicit part in the protocols of drug
development than they currently do.

Recalculating Camels

I enjoyed the generalization of the
old Arabian inheritance problem in Ian
Stewart’s “Mathematical Recreations”
column [SCIENTIFIC AMERICAN, June]
and immediately tried my hand at it.
The 14 presented solutions to the equa-
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tion(l/a+1/b+1/c+1/d=1) are cor-
rect. The original problem, however, re-
quires that d be evenly divisible by a, b
and c to prevent the sons from receiv-
ing fractional camels. Two of the solu-
tions fail this condition: a=2, b= 3,
c=10 and d=15; and a=3, b=4,
c=4and d=6.

I am also not sure that Stewart’s gen-
eralization is in the spirit of the origi-
nal problem, which emphasizes unequal
inheritances. One of his solutions, in
which all the variables equal four, is
equivalent to a parental will that says,
“Let each of my three sons have one
fourth of our three camels.” If the three
sons need a wise man with an extra
camel for that problem, they deserve to
eat ground camel meat.

JAMES J. MCHUGH
Chicago, 1L

Phantom Pain

If neurologist S. Weir Mitchell wanted
to test his colleagues’ reaction to the
idea of phantom limbs by publishing a
fictional tale about it, he need not have
bothered [“Phantom Limbs,” by Ronald
Melzack, SCIENTIFIC AMERICAN, April].
In 1851, 15 years before his story was
published, the most famous amputee
in literature had already spoken on the
issue. In chapter 108 of Moby Dick, Cap-
tain Ahab says, “Look, put thy live leg
here in the place where mine once was;
so, now, here is only one distinct leg to
the eye yet two to the soul. Where thou
feelest tingling life; there, exactly there,
there to a hair, do I.... I still feel the
smart of my crushed leg, though it be
now so long dissolved.”

ROB HARDY
U.S. Air Force

Not so Hottentot

In “Eloquent Remains” [SCIENTIFIC
AMERICAN, May], Philip E. Ross refers
to my work, in which I have pointed
out that the relatively high percentage
of lactose tolerance in some San pop-
ulations supports the view that the San
have often oscillated between differ-
ent modes of subsistence or else have
repeatedly been in close contact with
pastoral peoples. There is no basis for
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Ross’s statement that the San-speak-
ing foragers “split off from neighboring
Hottentots, renouncing the pastoral way
of life the Hottentots follow to this day.”
It cannot be deduced from what I wrote
and is pure fiction.

MICHAEL J. CASIMIR
University of Cologne

Ross replies:

Casimir may misunderstand what I
meant by “split off.” Most experts agree
the two peoples’ languages and geno-
types are closely related.

No Sparking

“Electric Car Pool,” by Gary Stix [“Sci-
ence and Business,” SCIENTIFIC AMERI-
CAN, May], rightly characterized the
technical goals of the battery consor-
tium as highly ambitious, but it glossed
over some serious problems. First, elec-
tric vehicles are not pollution free; they
simply move the atmospheric emissions
from the vehicle to other—one hopes,
distant—places. Although electric pow-
er plants can achieve higher thermal ef-
ficiencies than current gasoline engines,
the losses in long-distance power trans-
mission, battery charging and discharg-
ing, and vehicle motor control raise the
total consumption of primary fuels and,
correspondingly, atmospheric pollution.

The vehicle manufacturers are will-
ing to support the battery development
program only with substantial taxpayer
funding. Support from the electric utili-
ties is based on the benefits of higher
energy sales at night, when batteries will
recharge. Those benefits will be negligi-
ble, however, until electric vehicles are
driving a significant fraction of the dis-
tance covered by all vehicles. If this frac-
tion ever reaches about 25 percent, the
utilities will probably have difficulties
meeting the night peak loads.

Your photograph of the General Mo-
tors Impact vividly illustrates the prob-
lem of installing a ton of lead in an oth-
erwise lightweight vehicle and justifies
the name for this model!

GEOFFREY J. CRASK
Santa Ana, Calif.

Letters to the editor should be accom-
panied by the writer’s name, address
and daytime telephone number. All let-
ters may be edited for length and clari-
ty. Because of the volume of mail, letters
cannot be acknowledged individually.
Unsolicited manuscripts must be accom-
panied by a stamped, self-addressed en-
velope to be returned.
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>0 AND 100 YEARS AGO

OCTOBER 1942

“‘The problems we are going to meet
after this war is over are two-fold, said
Mr. James F. Lincoln, President of the
Lincoln Electric Company. ‘First of all,
there will be great unemployment be-
cause even if the call for goods is so
great to keep all men employed, the re-
shuffling of these men to peace-time
work will take some time. The sec-
ond thing is that competition will have
changed due to the existence of gov-
ernment financed organizations which
will have much less overhead than
those who have financed their own ex-
pansions. Of course, there are many
unknown features. For instance, there
is no way of knowing what kind of gov-
ernment we will have. It is rather obvi-
ous from history that it will be totali-
tarian. No bankrupt nation ever es-
caped totalitarianism. Perhaps all of our
planning will go for naught because we
will be told by bureaucrats what to do
and how to do it.””

“Miss M. F., aged 25, had had symp-
toms of schizophrenia for about ten
years but was first frankly diagnosed
in April 1939. Neither insulin shocks
nor metrazol altered her state. On
July 29, 1940, general hypothermia was
tried. Her temperature was kept below

98 degrees for 29 hours, and below 95
for 22 hours, at one time reaching a
minimum of 83. ‘Following hypother-
mia she returned to her home,’ report
Drs. John H. Talbott and Kenneth J.
Tillotson of Harvard Medical School.
‘At the last follow-up report it was ap-
parent that she had made a good so-
cial recovery and a satisfactory social
adjustment.””

“The business of smashing atoms to
release great gusts of energy is a profit-
able sport—for news reporters. But it
is not an item that has much standing
in physics laboratories. Radioactive ma-
terials, of which there are only minute
amounts in the earth, disintegrate and
slowly release large amounts of energy.
If radium, for example, were as plentiful
as copper, atomic boilers using radium
as fuel might be practical, but there just
is not very much radium available. As
far as artificial disintegrations are con-
cerned, the verdict thus far seems to be
definitely thumbs down on such opera-
tions for giving a net yield of energy.
Far more energy has to be put into the
operation than can be got out. There is
some evidence that one of the isotopes
of uranium, if relatively pure, might,
upon bombardment with neutrons, dis-
integrate to give a net yield of a rather
large amount of energy. But this iso-

Tourette’s vibrating helmet
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tope of uranium is one of the rarest of
rare materials.”

]

OCTOBER 1892

“The perfection of the science of long
distance telephony has been going on
for the past five or six years, until an
epoch of much interest has finally been
reached; that is the perfect transmission
of articulate speech for a distance of
one thousand miles and over. We were
invited to attend the first public demon-
stration of this fact on the afternoon of
October 18, at the main offices of the
Long Distance Division of the American
Telephone and Telegraph Company in
New York City. We were given an oppor-
tunity of trying the line, and conversed
perfectly with Mr. Edward H. Lyon, the
expert operator in Chicago, and with a
representative of the SCIENTIFIC AMERI-
CAN, Mr. G. M. Abbott. It should be men-
tioned that an important element in the
success of long distance telephony is
the improved battery now used for en-
ergizing the transmitter, which has the
merit of maintaining a nearly uniform
electro-motive force of high tension for
an extensive period of time.”

“The trembling palsy, also called
Parkinson’s disease, is a sort of pain-
ful nervous disorder that deprives the
unfortunate who is afflicted with it of
rest and sleep. Professor Charcot a long
time ago learned from some invalids
who were troubled with this infirmity
that they derived decided relief from
long rides on a railroad or in a carriage.
So Mr. Charcot had an arm chair con-
structed to which a to and fro motion
was given by means of an electrical
windlass. There could be nothing more
insupportable for a well person than
such shocks, which demolish you, put
you out of order, and shake up your in-
testines, and after half a minute’s expe-
rience you would ask for mercy. The in-
valid, on the contrary, lolls in the chair
as you would do on a soft sofa. The
more he is shaken the better he feels.
The method was some time ago singu-
larly improved by Dr. Gilles de la Tour-
ette, a pupil of Mr. Charcot. He had an
apparatus constructed for the treat-
ment of megrims and nervous head-
aches; it was the vibrating helmet [see
illustration on page 12). Upon this hel-
met there is a small alternating current
motor that makes about 600 revolu-
tions per minute. In a few minutes a
sort of general lassitude is experienced,
with a tendency to sleep.—La Nature.”
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ing survival. And that not
only brings relief to patients
and their families, but to the
nation’s healthcare costs
aswell.

For while surgery costs
over $40,000, outpatient drug
therapy can cost as little as
8500 per year.

At the forefront of advances
like these is the pharmaceuti-
cal industry which will invest
close to $11 billion dollars in
drug research this year alone. . ! Mo,
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The Edge of Chaos

Complexity is a metaphor
at the Santa Fe Institute

ust to the left of the viewgraph
projector, Leo Buss was fidgeting.
He was on deck, the next speak-
er at the Santa Fe Institute’s “in-
tegrative themes” workshop held this
past summer. Around the conference
table before him sat physics Nobel lau-
reates Murray Gell-Mann and Philip W.
Anderson, thumbing through newspa-
pers and doodling on notepads. Anoth-
er two dozen or so researchers—biol-
ogists, physicists, economists, comput-
er scientists, mathematicians—tried to
lounge in the stiff-backed chairs.

“I have a long-standing frustration
with evolutionary theory,” Buss began,
pacing tight arcs in the corner. “Evolu-
tion is preoccupied with frequency—
the frequency of alleles, of individuals,”
the Yale University biologist growled.
“That’s okay if you have classes of
organisms and know the relationships
between them. But it doesn’t say how
you got classes in the first place.”

That kind of passion—frustration
with orthodoxy and eagerness to chip
away at science’s bedrock assump-
tions—unites and ignites discussions
at the Santa Fe Institute. For the past
six years, this New Mexico research re-
treat has been a simmering cauldron
of Big Questions: How did the world
become so complicated? Why is there
so much order and structure in the
world—and simultaneously so much in-
stability? Why does innovation seem to
thrive at the boundary separating order
and disorder? Are there common pat-
terns in how systems—be they econom-
ic, ecological, biological or something
else—adapt and change?

The answers, believe the researchers
who frequent the institute, lie in a rich
collection of patterns that occur again
and again in systems as diverse as
the economy of Silicon Valley, the eco-
system of a pond or the web of algo-
rithms running on a computer. The sci-
entists describe these and other chang-
ing communities as “complex adaptive
systems.” By weaving together insights
from many disciplines, these scientists
hope to create a broad understanding of
how things come into being and evolve.

Anywhere else such an undertaking

COMMUNITY OF DIGITAL ORGANISMS, created by Thomas S. Ray, begins with sin-
gle-cell “ancestors,” then evolves parasites. A death’s-head claims the old and defec-
tive. Computer animation: Anti-Gravity Workshop. Photo: Chel Beeson.

might be considered an evening parlor
game. “It’s not the way I do science,”
concedes John Maynard Smith, an evo-
lutionary biologist at the University of
Sussex in Brighton, England. “I've nev-
er been able to work from the general
to a particular field.” Yet he found the
summer workshop intriguing and ad-
mits he learned a new approach or two
to studying the dynamics of a systein.
“They're extremely clever people,” he
adds. “I hope they succeed.”
Indisputably, the institute has built
a reputation for doing the unconven-
tional. It is the ongoing host of “artifi-
cial life” workshops, a Woodstock for
computer hackers. Artificial life mimics
and models simple living systems with
computer algorithms and occasionally a
motor and set of wheels. Among the
great hits at the third such conference,
held this past spring, was an artificial
ecosystem called Tierra, devised by biol-
ogist Thomas S. Ray of the University of
Delaware. As single-cell “organisms” in

the form of computer code begin to rep-
licate in Tierra, they mutate and compete
with one another for resources. Para-
sites spontaneously arise, followed by
new parasites that feed on the older va-
rieties. With Tierra, Ray can watch com-
plex communities and novelty emerge.

For all its big goals, the institute oper-
ates on a sometimes wobbly budget, $3
million this year. One third of the fund-
ing is provided by government sources,
another third comes from foundations
and the rest is from corporations and
individuals. Although some 50 visiting
scientists regularly participate in work-
shops and contribute working papers,
only a handful have spent more than a
few weeks at a time at Santa Fe.

The institute has wielded its interdis-
ciplinary approach with skill, in part
because most of the researchers share
a comfortable familiarity with sophisti-
cated mathematics and computer mod-
eling. “There’s a tendency for dilettan-
tism to enter into interdisciplinary proj-
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ects,” observes William A. Brock, an
economist at the University of Wiscon-
sin and a Santa Fe regular. In contrast,
“the institute has forced us to weld to-
gether to do something that’s not triv-
ial,” Brock says. “That multidisciplinary
role gives the institute a lot more stand-
ing,” adds Eric Bloch, formerly head of
the National Science Foundation and

now a distinguished fellow at the Coun-
cil on Competitiveness in Washington,
D.C. “It's a unique approach that’s diffi-
cult to duplicate in other institutes.”
Nonlinear systems formed the thread
that first pulled together the diverse
scholars at the Santa Fe Institute. Non-
linear systems are ones in which the
shape of the whole is not easily pre-

dicted by looking at the parts. But un-
derlying even the seeming randomness
of chaos are a small number of char-
acteristic, albeit complicated, patterns
of behavior, called attractors. “When it
started, Santa Fe was the only organized
group of researchers seriously thinking
about chaos and nonlinear systems,”
Bloch observes. “That’s no longer the

The Best Little Yard Sale in New Mexico

lieves that the six-foot graphite spheres wound up

decorating someone’s yard on the chichi side of Santa
Fe. “They were beautiful—all graphite with something in
the middle,” he recalls. “I called all over the lab trying to
find out what in the world they made these things for.
Never found out.”

That’s not so surprising. The “lab” was none other than
that New Mexico fixture, the Los Alamos National Labora-
tory, home of the Manhattan Project and the first nuclear
weapons. For more than 20 years, Grothus has been one
of the most avid buyers of the secretive installation’s tech-
nological castoffs. In turn, he offers the choice bits of sur-
plus to others through his own scrapyard, the Los Alamos
Sales Company. “You hear terrible things about waste in
society,” Grothus muses. “Los Alamos, to its credit, made
a lot of things available to the general public.”

Getting rid of obsolete equipment is no small task, par-
ticularly at a place determined to be on the cutting edge.
Since the earliest days of the lab, Los Alamos managers
have tried to recycle old equipment, first by offering it to
other government groups or schools and then by trying to
sell the rest to the public at (very significant) discounts. A
metal office desk, for instance, might go for $15.

As a result, Los Alamos’s yard sales became locally fa-
mous. “About 125 loyal people attend every week,” esti-
mates Frank J. Morbillo, a sculptor at the Shidoni Foundry
and Galleries, five miles north of Santa Fe. Prospective
buyers take up positions near the roped-off grounds on
Thursdays at noon. After a brief safety lecture, the head
of the yard unleashes the crowds. “He pretty much says,
‘On your mark, get set, go!’” Morbillo recounts.

I f memory serves him correctly, Edward B. Grothus be-

It goes without saying that radioactive, hazardous and
classified materials are excluded from such sales. But any-
thing else—oscilloscopes, computers, mobile offices and
desk chairs—may find its way into the public domain.
Since last December, Los Alamos has shipped expensive
items to the Bentley Auction Service in Albuquerque. The
lab continues to handle less glamorous materials itself.

Over the years, careers have been built on capturing
the irony of the Los Alamos remains. T. A. (“Tony”) Price,
for one, has spent the past 28 years fashioning bits of re-
maindered metal into sculptures and masks that echo reli-
gious themes. Most of his works are now displayed at Bio-
sphere 2, the experimental environment near Tucson,
Ariz. “In the early days, a lot of the pieces, like hydrogen
bomb casings, made beautiful sounds” when struck, Price
recalls. Such parts are hard to come by these days, “but |
still have a little stockpile left,” he says.

Grothus, who worked for 20 years at Los Alamos as a
mechanical engineer before he quit in 1969 as a protest
against the Vietnam War, says he has tried to be discrimi-
nating about his choices. When the Reagan administration
cut back solar-energy research, he snapped up the pieces
of megawatt solar-cell systems. Remnants of now antique
Cray supercomputers make regular appearances. “Whole
disk-drive units come out,” Grothus says. “Of course, about
all we've ever sold are the recording heads.” His most lu-
crative purchase: 120 tons of stainless-steel tubing, which
he in turn happily sold to a Chicago steel company.

The operation has proved handy for Los Alamos, too.
When the lab dismantled the Antares laser fusion project
about seven years ago, Grothus acquired more than two
dozen six-foot-long stainless-steel tanks. About a yearago
lab managers found themselves needing a few
such tanks—and so grudgingly bought back
several. “They’re mad because they have to
pay me,” Grothus chuckles, “but experiments
come and go, and the lab just doesn’t have
room to keep all this stuff.” (He did, nonethe-
less, donate back to the lab a tank called Herr
Auge, which, according to Los Alamos lore,
was “the eye that first saw the neutrino.”)

Still, even Grothus is feeling cramped. Many
items are piled on his lawn; his neighbors plan
to take him to court this fall. “l haven’t been to
the Los Alamos salvage yard but once in the
last month,” he says. “I've got enough stashed
away for rainy days. Now I’'m just trying to pla-
cate the neighbors.” —Elizabeth Corcoran

._/

PIECES OF ANTARES laser fusion project are
among Edward B. Grothus’s wares. Photo:
Chel Beeson.
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case, but the Santa Fe Institute had a pi-
oneering role.”

More recently, the institute’s attention
has focused on the knottier questions
posed by what the researchers call com-
plexity and complex adaptive systems.
Whereas chaotic systems have few vari-

ables and converge to a small number
of attractors, “the systems we’re inter-
ested in have an infinite number of at-
tractors—or call it, choices of behav-
ior—that they can choose to adopt”
and countless variables, explains An-
derson of Princeton University.

issembling by public officials
D is probably as old as govern-

ment. Certainly the practice
has become a tradition in Washing-
ton. During the 1950s and 1960s,
for example, U.S. Army planes car-
ried out mock biological warfare at-
tacks against American and Canadian
cities by spraying them with live—
though supposedly harmless—bac-
teria. If local officials asked what
was going on, the army said it was
testing a radar-deflecting chaff.

One might think that such prevari-
cation—whether justified or not—is
done on an ad hoc, seat-of-the-pants
basis. That might have been the
case previously, but no more. The
Bush administration has actually
drafted regulations on the use of de-
ception to provide cover for secret
programs. Bureaucrats’ passion for
secrecy, it seems, is exceeded only
by their passion for codification.

The regulations are part of the Na-
tional Industrial Security Program
Operating Manual, which sets forth
security procedures for government
agencies and contractors involved
with classified programs. Recently
the Department of Defense generat-
ed a supplement to the manual for
“special access” (also called “black”)
programs, whose existence cannot
even be acknowledged. Dated May
29, 1992, and stamped “draft,” the
supplement states:

Cover stories may be established
for unacknowledged programs in or-
der to protect the integrity of the
program from individuals who do
not have a need to know. Cover sto-
ries must be believable and cannot
reveal any information regarding the
true nature of the contract. Cover
stories for Special Access Programs
must have the approval of the PSO
[Program Security Officer] prior to
dissemination.

The supplement also notes that
special access programs must have
“nonattributable” telephone lines,

Lying by the Book

also called “Hello lines,” connecting
them to the outside world. Person-
nel who answer such a telephone
must “state the proper salutation,
e.g. Good Morning or Hello. Do not
use the company name.”

Steven Aftergood of the Federa-
tion of American Scientists, which
made the supplement public, pro-
fesses to be shocked at the cover-
story policy, which he calls “officially
sanctioned lying.” “One can see situ-
ations where this might be warrant-
ed, maybe in the midst of wartime,”
he says. “But this is not sufficiently
well defined to convince me that it is
limited. It’s obviously a very danger-
ous practice, because it can corrupt
the public discourse.”

Susan Hansen, a spokesperson for
the Pentagon, grumbles that the doc-
ument on cover stories was confiden-
tial. “Whoever sent it to you was un-
authorized,” she says. She points
out, furthermore, that the document
is an unapproved draft version that
“does not represent the policy of the
federal government.”

But does this statement itself rep-
resent a cover story? According to a
Senate staff member specializing in
security issues, the Bush administra-
tion has already implemented the
cover-story policy—with the complic-
ity of some congressional oversight
committees. Indeed, the administra-
tion has consulted with Congress be-
fore disseminating cover stories
about several “major programs” to
the media, the staffer says. Such as?
“Sorry, | cant tell you that,” he replies.

The staff member emphasizes
that Congress, although it gives its
approval to cover stories when the
need for security seems clear, does
not actively participate in the de-
ception. Indeed, Congress is trying
to reduce the need for such de-
ception by cutting the number of
black programs to a minimum. “It’s a
very uncomfortable situation in the
democratic framework to lie about
what you’re doing,” he acknowl-
edges. —John Horgan
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Defining complexity more tightly be-
comes a problem in its own right, Some
systems may be complex, but they do
not adapt. Per Bak, a senior scientist
at Brookhaven National Laboratory, de-
scribes the tendency of large systems
to drive themselves to a point where
statistically predictable avalanches of
change ensue as “self-organized critical-
ity.” (Sand piles illustrate this idea nice-
ly.) Others picturesquely refer to criti-
cality as “the edge of chaos,” the bor-
der between order and disorder.

Other complex systems are composed
of agents that are continuously adapt-
ing. Although simple, they gather infor-
mation about the environment around
them, sifting out relevant details from
random noise. The agents then com-
press that information into models or
schemata, which they use to anticipate
and react to changes in their environ-
ment. Over time, they modify those
schemata to reflect new information.

Yet how do adaptive agents evolve?
According to a scenario proposed by
Stuart A. Kauffman, a biochemist at the
University of Pennsylvania School of
Medicine, self-organized criticality oc-
curs in models of coevolution. For ex-
ample, communities with a subcritical
or low diversity of organisms lack the
momentum to develop explosively into
a new breed; supracritical communities
expand so rapidly that they consume
all their available food and die off. At
the edge of chaos, however, mutation
and innovation occur, he argues.

Buss and Santa Fe postdoctoral fellow
Walter Fontana take a different tack on
the issue of how new classes of organ-
isms arise. If the clock were set back
to the beginning of time, what condi-
tions would have to be present to pro-
duce contemporary classes of organ-
isms, such as multicellular organisms?
What other conditions have arisen in
the course of development that shaped
the specific paths—say, the rise of a
frog? By trying to model mathematical-
ly the simplest interactions in a com-
munity, they hope to understand better
“not the survival of the fittest, but the
origin of the fittest,” Buss says.

Curiously enough, one of the most ap-
parent examples of a complex adaptive
system has proved to be the hardest for
the Santa Fe researchers to grapple with:
the economy. There are ongoing efforts
to model how stock-market players
learn, as well as how cities change. “The
character of our business is changing,
and the dynamics aren’t well described
by classical economics,” says Henry A.
Lichstein, a vice president at Citicorp in
New York City, which provides more
than $100,000 a year to the institute.

The institute researchers argue that
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their six years have been well spent.
“I'm very excited about the feeling that
there is a growing synthesis,” declares
Gell-Mann of the California Institute of
Technology. “We’re not saying there is
a science of ‘complexity,’” adds David
Pines, a physicist at the University of
Illinois. Instead “we have come up with
awhole set of candidate metaphors for
complex adaptive systems that look
very promising for a broad range of
systems,” he says.

Science, suggests W. Brian Arthur, an
economist at Stanford University, “is
about the creation of metaphor.” Before
the 1680s, “people looked at the world
and said it was messy, alive, organic,”
he says. “Fifty years after Newton, all
people could see was order—order, sta-
sis, equilibrium and harmony.” Today
tidy metaphors are insufficient. Embold-
ened by computing power and the meta-
phors of complexity, the researchers
aim to “go beyond order and construct
systems from simple premises that turn
out to be very, very messy,” Arthur says.

Over the next few years, Santa Fe re-
searchers must breathe life into the
metaphors they have devised by find-
ing more evidence in nature or by
building sturdier models. Postponing
such backbreaking work could be easy;
the very features that add to the insti-
tute’s appeal—its interdisciplinary and
long-term horizons and its ability to em-
brace scientists from many organiza-
tions—mean that few reputations are
riding on the institute’s success.

John H. Holland, a computer scien-
tist at the University of Michigan and a
pillar of the institute, believes a few
such efforts are taking root. “These
things are rare but extremely impor-
tant,” he says. Adds George A. Cowan,
the institute’s founder: “Once the ques-
tions are sharp, you know you will find
the answers.” —Elizabeth Corcoran

Musseling In

Exotic species hitch rides
in ships’ ballast water

r | Yhey arrive silently, streaming
into harbors, estuaries and coast-
al waters from the ballast tanks

of ships traveling from distant ports.

Once here, they may perish—or, with

stunning speed, they may alter an en-

tire ecosystem. And recently these ex-
otic species of aquatic organisms are
coming more frequently, in greater
numbers. They are not welcome.

The zebra mussel, which in the mid-
1980s hitched a ride from Europe to

Lake St. Clair in the Great Lakes region,

AQUATIC INTERLOPERS, such as zebra mussels, can cause havoc on arrival. Inva-
sions may be increasing as new trade routes open and ships with larger ballast tanks
travel faster. Photo: Renee Stockdale /Animals Animals.

is the most infamous of the new invad-
ers. Since then, it has spread through
the Hudson, Susquehanna and Missis-
sippi drainage basins, clogging intake
pipes. Creatures from ports worldwide
are increasingly mixing with their an-
tipodal peers as ballast water sloshes
from one ecosystem to another. “It is a
far more serious problem than any of
us knows,” comments Walter R. Courte-
nay, Jr., a professor of zoology at Flori-
da Atlantic University who studies non-
native fish. “There have been very few
ecological studies of the impact of
these things.”

It is not that Courtenay or his col-
leagues are xenophobic. The magnitude
of the potential biological and economic
impact of the multitude of arrivals con-
cerns them. Aquatic mixing on a glob-
al scale could lead to a loss of biodi-
versity, notes James T. Carlton, director
of the Williams College-Mystic Seaport
Maritime Studies Program, whose baili-
wick is ballast water.

Invasions are certainly nothing new.
Thousands of species of plants have
been either deliberately or accidental-
ly introduced. Interlopers in the animal
kingdom include the Asian cockroach
and the Norway rat. And for 100 years
or so, organisms have been catching bal-
last-bound rides to and around the U.S.
Scores of freshwater, marine and estua-
rine exotics, as they are called, have been
established in that time, Carlton notes.

In the past few years aquatic inva-
sions have received more attention. New
trade routes have opened with China,
and eastern European ships are now al-
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lowed in a greater number of U.S. ports,
according to the Transporation Institute
in Washington, D.C. The international
fleet consists of 39,896 merchant ves-
sels. Ships have become larger, allowing
more creatures on board, as well as fast-
er, making the dark passage less taxing.
Since the prolific, pipe-fouling zebra
mussel was reported in 1988, two spe-
cies of spiny-finned fish called gobies
from the Black and Caspian seas, an
Indo-Pacific crab, an Asian copepod (a
tiny crustacean) and a new Black Sea
species of zebra mussel have arrived
in ballast water and taken up residen-
cy. These voyagers are just a few of the
hundreds that arrive each month. Carl-
ton has tested ballast water from 159
Japanese ships and found more than
350 living species of plankton alone.
Although the zebra mussel is clearly
economically deleterious—an estimat-
ed $5 billion will be spent on pest con-
trol and equipment repair in this dec-
ade—the cost of these other organisms
has yet to be assessed. The good news
is that the gobies feed on zebra mus-
sels. The bad news is that the second
species of zebra mussel may thrive in
warmer waters than its predecessor,
giving it a much expanded geographic
range, explains Edward L. Mills, senior
research associate at Cornell Universi-
ty’s department of natural resources.
Such uncertainty can be costly. For
example, the impact of a 1986 arrival is
just being studied. The European riv-
er ruffe, a perchlike fish that devours
the eggs of other fish, has proliferat-
ed rapidly in parts of Lake Superior. “It



is a pest in its native land,” says Den-
nis M. Pratt, a biologist with the Wis-
consin department of natural resourc-
es. “It will probably be a pest here.” Ac-
cording to David Cottingham, director
of the ecology and conservation office
at the National Oceanic and Atmo-
spheric Administration, $1.2 million has
been allocated—on paper—to control
the ruffe.

The ruffe and the zebra mussel are
just two species that are dramatical-
ly altering the Great Lakes. “The lakes
have a long history of devastating ex-
otics,” Pratt says. For instance, $10.1
million is spent annually to control the
sea lamprey, which arrived in the ear-
ly 1800s and which eats large, com-
mercially important fish. The alewife,
which settled several decades after the
lamprey, replaced more hardy native
herring species. Accordingly, when ale-
wives have major die-offs, their preda-
tors—stocked species, such as salmon
and trout—die off as well. Stocking the
Great Lakes cost $44.7 million in 1988.

There are currently no estimates for
the amount of ballast water released
nationally, but Carlton says the volume
is staggering. In March 1991 alone, for
example, he found that 30 million gal-
lons of ballast water were dumped in
Norfolk, Va. And ballast water is not the
only source of introductions: aquacul-
ture, commercial fisheries and the pet
industry are among the other culprits.
As a result of escapees from aquari-
ums and fish farms, Everglades Nation-
al Park “is just turning into a cesspool
of exotic fish,” Courtenay laments.

Although legislation was passed to
protect against invasions such as the
zebra mussel, it has been largely in-
effectual. A rule in the 1990 Aquatic
Nuisance Prevention and Control Act re-
quiring ships to dump ballast before en-
tering the ports is voluntary until this
November—and the law applies only
to the Great Lakes. In addition, the $2
million appropriated for evaluating the
effects of invasions and the feasibili-
ty of ballast exchange procedures (in
which ships release ballast in the deep
sea and take on water there) has not
been allocated. “The studies have sort
of fallen through the cracks,” Cotting-
ham says—although a study of the
role of shipping is under way. As for
national regulations, “don’t expect them
anytime soon.”

Meanwhile the next invaders may be
here. Watch the Chesapeake, notes Carl-
ton, who anticipates the arrival there of
more exotics. “Ballast water would not
pop up as one of the top 10 concerns
for the bay, but it should,” he says. “It
is just a game of biological roulette we
play every day.” —Marguerite Holloway

Smart Wheels

Driverless vehicles take
to the open road

ake me home!” One day soon Raj
TReddy hopes to be able to say

that to his automobile. The Car-
negie Mellon University robotics re-
searcher is enthralled by the idea of a
vehicle that would let someone get be-
hind the wheel drunk or half asleep
and still arrive home in one piece.

Reddy is not just another overly en-
thusiastic automaton builder. A driver-
less van is already tooling down Pitts-
burgh’s local streets and highways. (A
“safety driver” sits behind the wheel in
case the automatic pilot malfunctions.)
Carnegie Mellon’s Navlab prototypes
can drive 55 miles per hour—they are
programmed not to exceed the speed
limit. One can even parallel park once
it has found a space. A Mercedes driven
by a rival computer in Munich has at-
tained 100 kilometers per hour on the
more liberal autobahn.

This performance is a far cry from
the early days of autonomous vehicles.
In the mid-1980s top speed was under
three quarters of a kilometer per hour,
and a robotic vehicle was as likely to
drive up the side of a tree as down a
blacktop path (both are, after all, dark
objects with roughly parallel sides ta-
pering toward the top of the robot’s
field of view).

Advances in computer hardware are
responsible for part of the improve-
ment, according to Charles Thorpe, head
of the Navlab project. The processing
power that cost $750,000 in 1985 is
available for less than one hundredth of
that price today. More important, how-
ever, is that the navigation researchers
have learned what information their
programs need and can safely ignore
the rest.

The road-following module in the Car-
negie Mellon vehicle, for example, con-
sists of a neural network that deter-
mines whether it should steer right or
left by processing a low-resolution vid-
eo image of the road. Early versions of
the network, Thorpe recalls, contained
100 “hidden units”—the parts that sum
information from multiple input sourc-
es and perform the bulk of the process-
ing. Training sessions ran overnight on
a small supercomputer.

Now the network contains a mere
four hidden units and performs virtual-
ly as well. Furthermore, it runs fast
enough so that it can learn as the Nav-
lab is driven along a particular road.
The network still needs off-line train-
ing, however, to learn how to steer un-

der circumstances that a driver would
not voluntarily get into (almost off the
edge of the road, for example, or in the
middle of a road but at a sharp angle to
its direction).

There are still a few serious hitches.
Although the road follower operates
perfectly at 55 miles per hour, the laser
range finder for the obstacle-avoidance
module has a strictly limited range. If
the van overtakes another vehicle at a
relative velocity of more than five miles
per hour, it cannot brake fast enough
to avoid a collision. So the robotic van
always drives in the left lane on the
highway, on the assumption that every-
one else in that lane will be going faster
than it is.

Furthermore, even if a machine can
successfully navigate from one place to
another, it cannot necessarily do any-
thing when it arrives, comments David
P. Miller of the Massachusetts Institute
of Technology. When Carnegie Mellon
researchers tested the Navlab on a sub-
urban mail-delivery route, for example,
they did not even consider trying to
open a mailbox and put something in
it. R. Peter Bonasso and his colleagues
at MITRE in McLean, Va., built a mobile
robot for finding and fetching objects
that suffers a similar limitation: the
robot must rely on a person or another
robot to hand it the objects once it has
found them.

Miller says that Rocky III, a prototype
Mars rover that he and his colleagues
developed at the Jet Propulsion Labora-
tory in Pasadena, Calif., is “the state of
the art” in combining navigation with
manipulation. It finds its way to a speci-
fied area, scoops a gripperful of loose
sand from the ground and delivers the
“soil sample” to its starting point.

Indeed, Miller suggests researchers
should concentrate on specific tasks
people want done. Intelligent cruise con-
trol might well be one of them, he
says, noting that rudimentary systems
for collision avoidance are already on
the market. A present-day cruise con-
trol and navigation system “doesn’t
steer,” he says, “but that’s just a reac-
tive hack.”

Thorpe prefers problems that pose
less of a liability hazard; he predicts
the Navlab will be better suited for jobs
where “you don’t want people around,”
such as mapping hazardous waste sites.
The task requires mobility in rough ter-
rain, but it can be done slowly, and “if
you're carrying hundreds of thousands
of dollars’ worth of sensors, the robot
can be expensive, too.” Nevertheless, he
contends, if people were willing to ac-
cept robots as equals, mechanical chauf-
feurs could be driving regularly by late
in the decade. —Paul Wallich
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Formula for Diabetes?

Cow’s milk for infants may
contribute to the disease

r I Yhe National Dairy Board’s slogan,
“Milk. It does a body good,”
sounds a little hollow these days.

Recently a team of Finnish and Cana-
dian scientists, led by Hans-Michael
Dosch of the Hospital for Sick Children
in Toronto, found evidence that early
exposure to a protein in cow’s milk may
sometimes lead to juvenile diabetes. A
fragment of that protein, it seems, could
set up an immunologic cross-reaction
that gradually destroys the insulin-mak-
ing beta islet cells in the pancreas of
some susceptible children. Worried par-
ents should not pull the formula bottle
out of the baby’s mouth yet: nondi-
etary approaches to preventing dia-
betes, including vaccines, may turn out
to be far more practical.

Juvenile diabetes, also known as
Type I, or insulin-dependent, diabetes
mellitus, has long frustrated research-
ers trying to understand its genesis.
About 25 percent of the population
carries at least one genetic marker as-
sociated with diabetes, yet less than 1
percent of these people actually be-
comes diabetic. For that reason, Dosch
explains, 85 percent of the newly diag-
nosed patients come from families that
have no history of diabetes.

Beginning in the mid-1980s, some re-
searchers found hints that something
in cow’s milk might be an environmen-
tal trigger for the disease. Epidemiolog-
ical and clinical data revealed that the
incidence of diabetes parallels the per
capita consumption of milk in various
countries and that breast-fed babies
seem less likely to become diabetic.

In other studies, diabetes-prone rats
raised for their first month on diets
free of cow’s milk (a common ingredi-
ent in laboratory kibble) did not be-
come ill. Diabetic rats also had high lev-
els of antibodies against bovine serum
albumin, the whey protein in
milk. In 1991 the Toronto
team showed that antibodies
against one piece of the al-
bumin molecule cross-reacted
with p69, a protein found on
beta islet cells.

Dosch’s group has now tied
the immunologic discoveries
in animals closer to humans.
As the researchers report-
ed in the New England Jour-
nal of Medicine this past July,
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against the bovine serum albumin frag-
ment and p69 that are almost sev-
en times those of their healthy peers.
These antibodies vanish within two
years after the disease is diagnosed,
presumably as the p69 and islet cells
disappeared.

It is perfectly normal, Dosch notes,
for people to have antibodies against
proteins in cow’s milk. “Up until the
age of about three months, the gut lets
through reasonably large protein frag-
ments,” he explains. Normally the im-
mune system learns to tolerate foreign
proteins that enter the body through
the gut—that is, it mounts no more
than a mild, ineffective assault against
them. In the case of juvenile diabetics,
however, Dosch believes this tolerance
mechanism has failed for the whey
protein fragment.

According to Dosch’s hypothesis,
that immunologic oversight sets up a
tragic chain of events that are triggered
by viral infections. When the prediabet-
ic’s body releases interferon to mobi-
lize the immune defenses against vi-
ruses, that hormone also causes islet
cells to stud their surface with p69, the
bovine serum albumin fragment look-
alike. Primed by exposure to the frag-
ment, the immune system pounces on
the islet cells and kills them, too. Each
time the body is infected by a virus,
more islet cells are lost. “This model re-
ally explains for the first time why it
takes eight to 10 years for diabetes to
develop,” Dosch claims.

The case proving bovine serum al-
bumin’s role in triggering diabetes is
far from ironclad. Although the high
levels of antibodies against the frag-
ment show that the immune systems
of diabetics are sensitive to the mole-
cule, Dosch and most other diabetes
researchers doubt these antibodies de-
stroy the islet cells. Instead T lympho-
cytes, which attack sick or abnormal
cells, are the more likely culprits. Dosch
and others are now looking for lympho-
cytes that attack bovine serum albumin.

Mark A. Atkinson, a diabetes physiol-
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ogist at the University of Florida College
of Medicine in Gainesville, argues that
researchers must also check whether
antibodies against the bovine serum al-
bumin fragment are present in people at
risk for diabetes. “If they were a cause
of diabetes, you would expect to see
these antibodies long before the onset
of the disease,” he says. Atkinson is
nonetheless excited by the possibility
that Dosch’s antibody might be a more
accurate diagnostic tool for the disease
than any now available.

A definitive test of the cow’s-milk
theory is scheduled to begin next year,
when more than 3,000 newborns with
a family history of juvenile diabetes
will be put on special diets for their
first nine months; the babies will be fed
only mother’s milk and a dairy formula
from which bovine serum albumin has
been removed. It will take five to 10
years to determine whether these chil-
dren have a lower incidence of diabetes,
Dosch says. Organizing such a study is
difficult, however. One potentially con-
founding problem is that some evidence
suggests dairy products in the diet of
the mother can sometimes pass into
breast milk. “That makes our trial run
rather hard,” Dosch says wearily.

Dosch, Atkinson and other authorities
all caution strenuously that the work is
too premature to mandate a dairy-prod-
uct ban for infants. “Cow’s milk is a
good source of protein,” Dosch em-
phasizes. “It’s cheap, it’s affordable.” It
is also ubiquitous: bovine serum albu-
min is an emulsifying and stabilizing
agent added to many processed foods.
A comprehensive dairy ban could conse-
quently be hard to implement without
drastic changes in eating habits in West-
ern countries. “If you were talking about
a diet for genetically susceptible people
for three months, maybe you could do
it,” Atkinson ponders. “Bovine serum al-
bumin is in so many different products,
it would be difficult if not impossible to
keep somebody off that for years.”

For these reasons, Dosch and other
researchers are looking into other ways
to apply their work. One possibility is a
vaccine that builds tolerance to bovine
serum albumin. “We have a vaccine now
that prevents the disease in 80 percent
of the rats. Unfortunately, the remain-
ing 20 percent get the disease quicker
and worse,” Dosch says wryly. An al-
ternative approach would be for genetic
engineers to create transgenic cows that
have bovine serum albumin not so simi-
lar to p69. Changes at only a few amino
acid positions would be sufficient, he
explains, adding that several dairy and
cattle industry groups in the U.S. and
Europe have been in touch with him
about this possibility.  —John Rennie

A Matter of Timing

The space telescope
takes a few good shots

the effect seemed quite deliberate.

Just as Congress began debating
whether to cut funding for big science
projects such as the Superconducting
Supercollider and Space Station Free-
dom, a flurry of news releases ap-
peared trumpeting the latest discover-
ies from the Hubble Space Telescope.

The most recent findings continue
the lengthy rehabilitation of Hubble’s
reputation, tarnished by its flawed mir-
ror. “Hubble is a great, great telescope,”
echoes Allan R. Sandage of the Car-
negie Observatories, who has been in-
volved in one of the telescope’s most
far-reaching experiments: an effort to
determine the rate at which the uni-
verse is expanding.

That rate, known as the Hubble con-
stant, has inspired years of passionate
cerebration and argument. Curiously,
different groups of astronomers tend
to find two distinct values for the Hub-
ble constant, one twice as large as the
other. The larger value implies that the
universe is about 10 billion years old;
the smaller, that the age is closer to 20
billion years. Sandage has long sup-
ported the latter number.

Thanks to the space telescope, he
now has much more potent ammunition
to reinforce his position. In collabora-
tion with Gustav Tammann of the Uni-

It may have been coincidental, but

versity of Basel in Switzerland and three
researchers at the Space Telescope Sci-
ence Institute, Sandage has used Hubble
to search for Cepheid variable stars in
a faint spiral galaxy known as IC 4182,
an oft-studied distance marker. Obser-
vations of such stars form the first step
in a set of inferences that establish the
distance scale, and the rate of expan-
sion, of the universe.

Whereas earth-based observers have
never succeeded in monitoring Ceph-
eid variables in IC 4182, Hubble en-
abled Sandage and his colleagues to
watch 27 of them. When the research-
ers examined the results, they deduced
a low Hubble constant—exactly as San-
dage has maintained all along. “I am
very confident in the Hubble results.
This is the first result they are fright-
ened of,” says Sandage, referring to his
opponents who favor a younger, more
rapidly growing universe. But even he
doubts that his latest finding will clinch
the debate.

Other space telescope findings also
have broad, if less controversial, impli-
cations for comprehending how the uni-
verse has evolved. Rogier A. Windhorst
of Arizona State University and William
C. Keel of the University of Alabama,
along with several co-workers, turned
their attention to an intriguing galaxy
known as 53W002. Terrestrial studies
of the galaxy’s radio emissions suggest-
ed that the galaxy might be very young.
It is also quite remote, about 10 billion
light-years from the earth (assuming a
compromise that puts the age of the
universe at 15 billion years).

“X” MARKS THE SPOT where a black hole hides in the core of the nearby Whirlpool
Galaxy. Photo: Holland Ford/National Aeronautics and Space Administration.
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40 years ago

- we took America’s
breath away,




Sports cars come

and go. Most

flare brightly for a
moment, then fade away like falling
stars. But one has endured: igniting
vivid memories of Sting Rays, Makos,
Split Rear Windows and the look

on a kids face as it drove by

The original dream car. Corvette.
Our new Commemorative Edition
is amply equipped to make a little
history of its own. It continues 'Vette's
unrivaled tradition of cutting-edge
technology with our most powerful
small-block production V8 ever: the

300 horsepower LT1. Theres also
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Acceleration Qllp Rtfgllliili(.)['l (ASR), Chevrolet, the Chevrolet Emblem, Corvetie and the Corvette
o Emblem are registered trademarks of the GM Corp ©1992
a six-speed manual transmission and o
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directional asymmetric tires, The i
American Sports Car. Corvette LT1.
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‘ Vettes later, it still takes your breath

‘ away. But then, what else would you THE H EARTB EAT
expect from The Heartbeat of America? OF AM E RIC A

caught it yet.
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Light from exceedingly hot, short-
lived stars dominates the optical spec-
trum of 53W002. Such a large popula-
tion of evanescent stars implies that
the galaxy began to form only about
500 million years ago. On the other
hand, Hubble’s unprecedentedly clear
view of 53W002 reveals that the distri-
bution of light within the galaxy closely
resembles that of modern, mature el-
liptical galaxies. Cosmological theories
suggest that it takes about 500 million
years for a protogalaxy to collapse into
such a structure. If so, astronomers are
seeing 53W002 at a unique instant dur-
ing its transition from galactic infancy
to adulthood.

Windhorst’s observations indicate
that despite its young age 53W002 con-
tains very little free, leftover gas, im-
plying that the star-formation process
must have been extremely efficient.
“Nobody really understands how star
formation proceeds,” he confesses. “It’s
really remarkable.”

Windhorst also notes that 53W002

must have formed billions of years af-
ter the first quasars appeared, confirm-
ing other evidence that different galax-
ies evolve at highly variable rates. Like
53W002, most galaxies probably start-
ed to collapse when the universe was al-
ready several billion years old, he says.
That interpretation would have to be
discarded if the universe truly is only 10
billion years old, however, because it
would leave too little time for galaxies
to have evolved to their present states.

In a related study, Richard Griffiths
of the Space Telescope Science Insti-
tute is exploring a class of faint but re-
markably abundant galaxies that lie a
few billion light-years from the earth.
The faint galaxies are ubiquitous in all
directions, so Griffiths makes use of
what would otherwise be wasted ob-
serving time, taking wide-field snap-
shots of random parts of the heavens
while one of Hubble’s other instruments
is trained on a specific target.

In the first two images he obtained,
Griffiths detected some 2,500 galaxies.

He has not yet sorted them out but
notes that he sees “a lot of irregular
morphology, a lot of interacting sys-
tems.” Those findings hint that the
faint objects may be embryonic, loose-
ly organized stellar systems that subse-
quently merged to form modern galax-
ies like the Milky Way.

Hubble has also devoted considerable
time to searching for the giant black
holes thought to reside in the centers of
many galaxies. Views of the galaxies
M32 and M87 merely bolstered evidence
that other astronomers had already col-
lected from the ground. But a stunning
image of M51, more commonly known
as the Whirlpool Galaxy, caught many
astronomers by surprise.

Holland Ford of Johns Hopkins Uni-
versity reported the discovery of a pe-
culiar dark “X” that stretches about
100 light-years across the galaxy’s
bright nucleus. He believes that one
stroke of the X is actually an edge-on
view of an inclined torus of gas and
dust orbiting a massive black hole at

The Cosmic Microwave Mirage?

he April announcement that the Cosmic Back-

ground Explorer satellite (COBE) had found slight

variations in the microwave background was re-
garded by many astronomers as long-awaited evidence
for the seeds of galaxies in the young universe. Six
months later they are still confident that the background
and its variations are what remains of the radiation re-
leased by the big bang. But controversy has arisen about
whether the COBE measurements have any relation at all
to the structure of the universe billions of years ago.

Lawrence M. Krauss and Martin White of Yale University
argue that the variations in the cosmic microwave back-
ground may just be a consequence of the theory of rela-
tivity: the variations, they say, could be distortions
caused by gravitational waves. “One should not jump to
the conclusion that what COBE is seeing is just density
fluctuations,” Krauss warns. “At least some or all of it
might be gravitational waves.”

For decades, astronomers expected to find variations
in the faint glow of microwave radiation released as mat-
ter coalesced from the cooling universe during its first
300,000 years. Because the present universe is filled with
clumps of stars and clusters of galaxies, cosmologists
predicted that the early universe should be lumpy, too.
And if matter and energy were unevenly distributed in
the young universe, the lumpiness should appear as fluc-
tuations in the microwave background. Dense areas of
the universe would restrict the emission of radiation [see
“The Golden Age of Cosmology,” by Corey S. Powell; Sci-
ENTIFIC AMERICAN, July].

Yet the effects of the theory of general relativity may
also have influenced the microwave background, as A. A.
Starobinsky of the Landau Institute for Theoretical Phys-
ics in Moscow first realized in 1979. General relativity de-
scribes space as a strong, rigid fabric. But unlike any ma-

terial, space bends in proportion to the mass it contains.
The theory explains how the force of gravity is a conse-
quence of the bending of space. It also predicts that if
mass moves rapidly and irregularly, it can produce ripples
in the fabric of space. These ripples, known as gravita-
tional waves, compress and expand space as they travel
throughiit.

The likely source of such waves is the so-called infla-
tion of the universe. Within a fraction of a second after
the big bang, according to the theory, the universe ex-
panded by a colossal factor of 1030, This rapid inflation
could generate gravitational waves in a range of sizes. In
the August 10 issue of Physical Review Letters, Krauss
and White calculate that gravitational waves of sufficient
size could account for all the variations in the cosmic mi-
crowave background.

In particular, some gravitational waves would be compa-
rable in length to the whole universe. These waves would
cause enormous regions of space to expand or compress
slightly. Consequently, some regions would emit more radi-
ation than others, and the difference would show up in the
microwave background.

The effects, according to Krauss and White, could ob-
scure evidence of the density fluctuations that might be
the seeds of galaxies. Other cosmologists do not feel as
strongly. “If you make the most likely guess,” says Mar-
tin J. Rees of the University of Cambridge, “gravitational
waves account for less than 10 percent of the variations
in the background.”

Astronomers may wait for years before they resolve the
issue. The answers will have to come from gravitational-
wave detectors, particle physics experiments or high-sen-
sitivity measurements of the microwave background. And
all three tests may turn out to be projects as ambitious as
COBE itself. —Russell Ruthen
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the heart of M51. And the other stroke?
It could be a second orbiting ring, or it
could be matter interacting with ener-
getic jets shooting from the vicinity of
the black hole. Ford prefers to think of
the other half of it as “a caution sign,
showing that we do not yet fully under-
stand what is happening in the center
of M51.”

Some of Hubble’s discoveries hit
much closer to home. One recent find-
ing is helping to elucidate the mecha-
nism that powers solar flares, huge
plasma eruptions on the sun. For years,
scientists have theorized that protons
accelerated to high velocities in the so-
lar magnetic field could be instrumen-
tal in triggering such eruptions. When
those protons crash into the denser, un-
derlying layers, they would pass along
their kinetic energy to a flare. The pro-
tons should produce a brief, distinctive
ultraviolet signal. This signal cannot
penetrate the earth’s atmosphere, and
previous spacecraft could not be point-
ed at the sun or else could not detect
such a short-lived event.

Taking advantage of Hubble’s great
light-gathering power, Bruce E. Wood-
gate of the Goddard Space Flight Cen-
ter, aided by Richard D. Robinson of
Computer Sciences Corporation and
three other collaborators, finally suc-
ceeded in detecting the telltale radia-
tion from downward-streaming protons.
He looked not at the sun (which would
burn out Hubble’s delicate optics) but
at AU Microscopium, a red dwarf star
in the southern sky. Presumably the
mechanisms producing the flares on
AU Microscopium are the same as the
ones operating on the sun.

Through a stroke of good luck, a large
flare erupted on the star during Wood-
gate’s allotted observing time. After sift-
ing through the data, Woodgate’s group
found a three-second trace of the ex-
pected proton signal. Woodgate hopes
to coordinate future observations with
simultaneous measurements from the
ground and from other satellites. The
combined results should quantify how
much energy the protons carry, there-
by demystifying one more aspect of
the sun’s dynamic and occasionally vio-
lent nature.

The current tantalizing batch of Hub-
ble findings underscores researchers’
bittersweet experience with the tele-
scope. Hubble promises even more stun-
ning observations after its optical sys-
tem is corrected in 1994. If all had gone
according to plan, astronomers would
be pouncing on those images right now.
Instead they have to keep their fingers
crossed while Hubble weathers the vicis-
situdes of shuttle schedules and space
science funding. —Corey S. Powell

If you're a friend of Jack Daniel's we'd like to hear from you. Drop us a line and we promise to write back.

YOU'LL BE OLDER AND WISER when you
see this batch of Tennessee Whiskey again.

It’s headed for aging houses in Jack Daniel’s
Hollow, where these men will roll the barrels
of young whiskey (fresh from our
charcoal mellowing process) into place.
There, the barrels’ charred oak wood,
and the change of the seasons, will do
all the work. Years will pass before
you see this whiskey again. But
when you do, it'll be an old and
familiar friend.

SMOOTH SIPPIN’
TENNESSEE WHISKEY

Tennessee Whiskey  40-43% alcohol by volume (80-86 proof)  Distilled and Bottled by
Jack Daniel Distillery, Lem Motlow, Proprietor, Route 1, Lynchburg (Pop 361), Tennessee 37352
Placedinthe National Registerof Historic Places bythe United States Government.
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PROFILE: HANS A. BETHE

IIluminator of the Stars

ans A. Bethe moves slowly now.

His left arm dangles at his side,

the shoulder wasted more than
a decade ago by a degenerative muscle
disease. But his husky, low-slung build,
that of a chronic mountain climber, still
exudes power, gravity. Bethe speaks
slowly, too, but with exceptional clarity
and precision. His voice, inflected with
a German accent even though he came
to Cornell University almost 60 years
ago, is deep and resonant. Recounting
his accomplishments, he seems neither
modest nor immodest; he merely de-
scribes things as he sees them.

Late in our interview, I can no longer
resist asking an embarrassingly trite
question. “What do you consider your...
your...?” “Greatest achievement?” Bethe
says helpfully. I nod. Well, he replies,
that ought to be his theory of stellar
energy, which he developed in 1938
and which won him the Nobel Prize in
1967. But actually he considers his fin-
est paper to be one he wrote in 1930
on how electrons impart energy to at-
oms. “It’s kind of sad to admit that
nothing later was better,” he adds.

Before I can stop myself, I ask wheth-
er Bethe thinks there is any truth to the
old saw that physicists are like ath-

letes, inevitably peaking when they are
young. If the 86-year-old Bethe takes of-
fense, he doesn’t show it. A faint smile
even crinkles his broad, beetle-browed
face. “No, not at all,” he says. “I think
I'm still pretty good.” As we speak, in
fact, Bethe’s secretary is typing a paper
in which he presents a new—and, he be-
lieves, improved—method for calculat-
ing how stars erupt into supernovas.

For a physicist, such longevity is rare
indeed, according to John N. Bahcall,
an astrophysicist at the Institute for
Advanced Study in Princeton, N.J., who
has collaborated with Bethe. “I'd be
hard-pressed to think of anyone else
who contributed significantly to theo-
retical physics past the age of 50,” Bah-
call says. Bethe shrugs. “There is noth-
ing as interesting as science,” he says.
“So as long as the brain lasts, that’s
what I'm going to do.”

If ever a scientist was entitled to rest
on his laurels, it is Bethe. Beginning in
the 1920s, he wielded quantum me-
chanics like a laser, illuminating phe-
nomena ranging from elementary par-
ticles to dense arrays of nuclei to en-
tire stars. He played a central role in
designing the first atomic bomb dur-
ing World War II, and after the war

HANS A. BETHE, who headed the Manhattan Project’s theoretical division, later be-
came a forceful proponent of nuclear arms control. Photo: Robert Prochnow.
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he helped to nurture nuclear power, a
cause he still believes in. “It is more nec-
essary now than ever before because of
global warming,” he says.

He has also been a persistent advo-
cate of nuclear arms control, helping
to persuade the U.S. to ban atmospher-
ic nuclear tests in 1963 and antibal-
listic missile systems in 1972. Just last
year, in an influential essay written
for the New York Review of Books with
Kurt Gottfried, also a physicist at Cor-
nell, and Robert S. McNamara, the form-
er secretary of defense, Bethe urged
the US. and the Soviet Union to slash
their nuclear arsenals to 1,000 warheads
each. (Even with scheduled cuts, each
side will retain some 5,000 warheads.)

Silvan S. Schweber, a historian at Bran-
deis University who studied under Bethe
and is now writing his biography, notes
that Bethe’s reputation for integrity as
well as brilliance has made him one
of the most admired physicists of the
20th century. “I've yet to find some-
body, except maybe for Edward Teller,
who has something bad to say about
Hans Bethe,” Schweber adds.

Born and raised in Strasbourg, Bethe
studied under some of the founding fa-
thers of quantum mechanics, including
Enrico Fermi in Rome and Niels Bohr in
Copenhagen, before emigrating to the
US. in 1935. (Although he was raised in
his father’s Protestant faith, Bethe had
lost a university post in Nazi Germa-
ny because his mother was Jewish.) He
soon secured his reputation with three
review articles that spelled out what was
known in nuclear physics and what re-
mained to be known. The papers, which
were often referred to as Bethe’s Bible,
helped to set the agenda for a genera-
tion of physicists.

Bethe’s Nobel-winning elucidation of
starshine came about “rather by acci-
dent,” he says. In 1938 the Hungari-
an emigré Teller, who was organizing
a conference on astrophysics, invited
Bethe to present a paper. “I at first
complained, ‘Why should I write about
astrophysics? There are so many oth-
er problems,’ ” Bethe says. At the time,
he explains, he was more interested in
the distressing fact that, according to
quantum mechanics, the electric charge
of electrons should cause them to have
infinite energy.

When Teller, who was then one of
Bethe’s closest friends, persuaded him
to attend the conference, he quickly
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OREAN TECHNOLOGY FOCIS

by Oles Gadacz

im Jin-Hyun, Korea’s Minister of Science and Technology, is

K well aware of the need to accelerate the national R&D effort.
Economic planners here envision Korea joining the ranks of the G7
countries sometime in the early 21st century, but the nation currently faces
slowed economic growth, and the commonly prescribed solution involves
massive increases in R&D spending to upgrade the national technology
level. “To become a self-reliant and advanced country,” says Kim, “Korea
must independently strengthen its industrial and technical capability.” The
fact that many multinational companies spend more on research and
development than the Republic of Korea does lends urgency to Kim's
crusade to increase R&D spending.

High wages and the lack of independent technological capability are
cited as the chief reasons for Korea’s eroding international competitiveness.
During the 1980s, a decade of extraordinary growth for Korea, R&D
spending rose from 0.58 percent to 1.91 percent of the gross national
product. The government is now promising to raise the figure to 5 percent
by 2001, which would match or surpass the level of the G7 countries.

“The target,” says Kim, “is the biggest in the world.”

In 1991, against this background, the Korean government introduced
the Highly Advanced National Project (HANP), aimed at selecting and
developing strategic industrial technology. The strategy is clear:
Technology, rather than science, should be emphasized, and limited
national resources should be concentrated in critical areas. Among the
specific goals of the project:

Semiconductors: the production of a 256M DRAM device by 1996,
and the development of a 1G DRAM device by 2000.

EcCcoONOMIC PLANNERS HERE SEE KOREA

JOINING THE RANKS OF THE G'7 COUNTRIES

SOMETIME IN THE EARLY 21ST CENTURY.

Telecommunications: the development of asynchronous transfer
mode by 1996, and the realization of an integrated-services digital network
(ISDN) by 2000.

Consumer Electronics: the development of a high-definition television
monitor by 1993, HDTV transmission and broadcasting ability by 1994, and
a large-screen flat-panel display by 1997.

Fine Chemicals: the development of new antibiotic and germicidal
agents by 1997.

Manufacturing: the development of computer-integrated
manufacturing by 1996, and of intelligent manufacturing systems by 2000.

HANP is also reaching out to cultivate fundamental technology in the
areas of machinery, biotechnology, the environment and energy, and it will

1
1
Kim Jin-Hyun, the Republic of Korea’s < -—---d

Minister of Science and Technology

support research into new materials for information services, energy
and electronics.

The two organizations responsible for Korea’s R&D programs are the
Ministry of Trade and Industry (MTI) and the Ministry of Science and
Technology (MOST). MOST is in charge of fundamental technology, and
MTI oversees the development of industrial technology. Other govern-
mental bodies, such as the Ministry of Energy and Resources and the
Ministry of Communications, also participate in certain projects. Explicit
policies and careful coordination guard against any overlapping of R&D
efforts, and help to insure that the cost of large projects is shared.

HANP is supported by all government ministries, and will be carried
out cooperatively by the nation’s research centers, including universities,
private companies and government-supported research institutes, such as
Korea's two showcase R&D establishments, the Korea Institute of Science
and Technology and the Korea Advanced Institute of Science and
Technology.

Recognizing that lack of scientific manpower is another serious
obstacle to economic growth, the government is stressing internation-
alization in the execution of HANP. MOST will invest 5 percent to 20
percent of the HANP research and development budget on international
activities, and active international exchange programs for researchers will
also be promoted. In a departure from past practices, foreign expertise
will be solicited at the planning and evaluation stage of each project. In
particular, active cooperation with advanced countries, such as the United
States and Japan, is expected to begin in the near future.

Korea'’s success in achieving its goals, says Kim Jin-Hyun, is of
importance to the United States. “We're a solitary country squeezed by
giants—China and Japan,” he says. “We desperately need U.S. help
inscience and trade, but unfortunately the United States is focused on the
short-term balance sheet.” Kim proposes a strategic alliance in which the
United States contributes technology and Korea its manufacturing abilities.

“Korea is a strategically important partner to advancing U.S. interests
in the region,” Kim says. ‘I hope the United States considers geopolitical
elements in considering its partnership with Korea.”

In today’s international environment, with borders becoming less
relevant and global competition intensifying, Korea at last recognizes that
she must focus her own resources on priority areas and take advantage of
foreign resources as well. There is a growing realization that Korea’s
response to the challenges of the '90s will bear significantly on its destiny
in the 21st century.

Oles Gadacz is a Seoul-based journalist specializing in the Korean automotive
and electronics industries.
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DSTAR, SHINING BRIGHT

oldstar Co., Ltd.,'s VISION2000 program sees the company
G emerging as one of the world’s top five consumer-electronics
companies by the end of the century. To reach the top, Goldstar has
increased its expenditures on research and development from $247 million
in 1989—equivalent to 6.5 percent of sales—to $700 million in 1992—7.5
percent. Management is committed to raising spending to 8.6 percent of

Goldstar's remarkable growth in the
past was made possible by vigorous
research and development for

innovative products and technologies.

sales, which would be about $1.4 billion, by 1995, and to 10 percent of sales
by 2000. Goldstar's main Japanese rivals currently spend in the neighbor-
hood of 8 percent of sales on R&D.

Korea’s days of riding the coattails of Japanese technology are
vanishing. “It's my wish to see us develop one innovative product during the
"90s in the area of consumer electronics,” says Dr. Kang In-Ku, executive
vice president of Goldstar's Central Research Laboratory. “One product born
of our own idea. | don't know what that's going to be, but | know we can do
it. It needn’t be expensive, but it will be a breakthrough in revealing a
new attitude. It's going to take a lot of changes in management, and in the
thinking of our engineers.

“We've already come very close to it. We came up with an idea, only to
see the Japanese come out with the very same thing.”

Trying to encourage innovative thinking in a corporate culture that has
traditionally valued consensus is a major challenge. Kang cautions that
change will be evolutionary, not revolutionary. ‘1 don’t expect to see an
innovative product in the near future, but | see attempts being made to try
something new,” he says. “That willingness to try something new in itself
represents a major change.”

Goldstar has already made some organizational changes—results of a
study done by the consulting firm of McKinsey & Co. a few years ago. “We
know we have to create value for the customer, and we're moving toward
market-oriented R&D,” Kang says. “The most critical parts and components
are being imported from Japan. We realize that we have to reduce this, and
that this is hindering our R&D activities.”

Kang faults Korea’s educational system for another problem: a
shortage of good researchers, though more than 150 of the 8,200

researchers currently employed by Goldstar have doctoral degrees.
“The current system is discouraging innovation,” Kang says.

Asked to list Goldstar's most significant technical achievements to
date, Kang names high-definition television; the STAREX, a 6,000-line
digital PBX that is now being exported; participation in the national central
office-switch program; the independent capability to produce inverters and
distributed control systems for industrial applications; and the development
of navigational radar systems for use in leisure craft. Other areas of
emphasis include erasable compact-disk players, home automation sys-
tems and liquid-crystal displays. The company is also concentrating on the
development of flat-panel TV displays and digital and high-definition VCRs.

Goldstar is determined to be a key playerin semiconductors. The
company’s plant in Chungju, which manufactures the 4M DRAM device,
boasts the largest production capacity of any such plant in the world. A 16M
DRAM device has been introduced, and efforts are currently under way to
develop 64M DRAM devices; a prototype of the latter is expected to be
ready in 1993.

The multibillion-dollar investment in DRAM research and production
has helped Goldstar close the gap with the Japanese. The company is now
only several months behind the industry leaders, and sales have been
encouraging: According to Dataquest, Goldstar was 11th in the world in
DRAM sales in 1991.

The company’s R&D spending is currently being divided among the
Central Research Lab, the Information Systems Lab, the Production

A MULTIBILLION-DOLLAR INVESTMENT
IN SEMICONDUCTORS HAS HELPED

CLOSE THE GAP WITH THE JAPANESE.

Engineering Research Lab and the Quality Assurance Lab. Goldstar has
five facilities in other countries, including Goldstar Technology, established
in 1984 in Sunnyvale, California, and the Goldstar Japan Co., Ltd., in
Tokyo. At the Goldstar North America Lab Inc., in Chicago, the focus is on
HDTV. The Chicago lab was set up in 1991, when the company acquired
a 5 percent stake in Zenith Electronics Corp. The two companies plan to
cooperate closely in HDTV research. Zenith’'s HDTV system, developed in
cooperation with AT&T, has a good chance of being selected by the
Federal Communications Commission as the United States’ national stan-
dard. Should that happen, Goldstar, instead of trying to catch up, will find
itself on the inside track.
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n 1893, Korea took its first hesitant steps into the world, sending an
I exhibit of simple handicrafts to the international exposition in Chicago.
Next year, exactly a century later, it will be Korea's turn to play host.
Ten million visitors are expected during the three-month run of
EXPO '93, which will open on August 7 in Taejon, Korea’s sixth-largest city.

ONE OF THE GOALS OF EXPOD

T

93 1s
O CREATE ENTHUSIASM FOR SCIENCE |

AMONG KOREA’S YOUNG PEOPLE.

The theme willbe “The Challenge of a New Road to Development”; under
that banner, Korea will be using the event to spur worldwide efforts to find
solutions to the problems of industrialization. Another goal is to create
enthusiasm for science and technology among Korea's young people.

EXPO ‘93

b
WORLD PAYS A VISIT

Based on the concepts of light, science and
the universe, the Grand Light Tower is
a three-dimensional feature representing the

past, the present and the future.

Visitors will learn about foreign countries and organizations in the
One World Zone. The Cultural Innovation Zone will feature exhibits on
Korea’s cities and provinces, and pavilions covering culture and art,
housing, and the environment. The Industrial Prosperity Zone will examine
the Korean economy.

Corporate Korea will flex its technological muscles in the 15 theme
pavilions. The Lucky-Goldstar Group, for example, will build the Electronics
and Computer Pavilion. The Hyundai Group will erect the Transportation
Pavilion, and Korea’s number-two automaker, the Kia Group, will be
responsible for the Automobile Pavilion. Pohang Iron & Steel Co. will build
the Materials Pavilion. The Hanjin Group, operators of Korean Air, will run
the Future Aerospace Pavilion. And Korea Telecom will examine the future
of telecommunications at the Information and Communications Pavilion.

One Site for the World. One Sight of the Future

Imagine
the possibilities
of the future

Think, if you will, about the limitlessness of
the future. How technology has taken us from
room-sized computers to ones no bigger than
a notebook. From horse and buggy to space
flight. From horsepower to solar power. All in
just one century.

Between August 7 and November 7, 1993,
visitors at Taejon Expo '93 will be able to do
just that, exploring the frontiers of technology,
environmental preservation, and resource
conservation as well as rich cultural heritages
from around the world.

Start imagining the possibilities of the
future. Attend Taejon Expo '93 and join the
human race as it rushes toward the 21st century.

For more information and a full-color brochure on Taejon
Expo '93, write o call the following numbers today.

The Taejon Int’l Exposition,
, Organizing Committee

159 Samsung-dong, Kangnam-ku, Seoul 135-090, Korea
Phone: (02) 551-4870/1 Fax: (02) 551-1316
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IN EVERY GOLDSTAR PRODUCT
THE MOST IMPORTANT COMPONENT 1S YOU.

Before even the first line § drawn, our design team works with you n mind. The result 5 a
portable powerhouse you'll feel more than comfortable with. As light and compact as the
average briefcase, it gives you the flexibllity to take it everywhere. And the high-resolution
LCD will brighten any presentation. Just one more example of how Goldstar harnesses high GOIdStqr
technology to work for you. A practice that has placed us at the forefront of Korean Technology with the human touch.

electronics and iS Winning applause all over the world. Goldstar Co, Ltd. Yoido P.O. Box 335, Seoul, Korea Tel: (02) 787-1114 Fax: (02) 787-3400 Tlx. GSRADIO K23751/3
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AMSUNG ELECTRONICS -

amsung Electronics, which relied on licensed technology to spur
S its growth over the past two decades, is now blazing a path of its
own. Samsung has built up formidable R&D poweracross a broad
spectrum of home and industrial electronics products. But nowhere does
the company’s star shine more brightly than in the area of semiconductors,
and particularly memory devices.

In the early 1980's, ignoring the skeptics, Samsung decided that it
would target simple types of semiconductors, such as DRAM and SRAM
devices. That decision has been paying off handsomely. It is in this
intensely competitive field that Samsung has succeeded most quickly in
narrowing the technology gap with the Japanese, the industry leaders.
Samsung’s state-of-the-art 16M DRAM device was introduced in August
1990. A prototype of the next-generation device, a 64M DRAM, is
scheduled to be unveiled sometime in 1993. According to Dataquest,
Samsung stood second only to Toshiba in international DRAM sales in
1991, and in fourth place in overall sales of memory devices.

Samsung is aiming even higher. Drawing on the resources of the
Samsung Group, a conglomerate with a consolidated turnover of $43.9
million in 1991, the company captured 13th place in the world semi-
conductor industry in 1991 on sales of $1.6 billion. Samsung is determined
to make the top-10 list of electronics companies by 1996, and the top five
by early next century. Industry analysts think that its chances are good.

Samsung's R&D outlays are commensurate with its goals. The
company’s R&D spending leads the nation, having jumped from $526

Samsung Electronics leads the

development of the Korean-made TDX-10.

million in 1990 to $626 million in 1991—an increase from 7.7 percent of
sales to 8.4 percent. In this year's budget, $838 million, or 9.3 percent of
sales, is earmarked for research and development, and Samsung expects
to spend $1.1 billion on R&D in 1993.

Staffing at research centers is being expanded just as aggressively. In
1991, Samsung’s R&D centers employed 8,880 researchers, accounting for
20 percent of all the company’s employees. Samsung expects the number
to grow to 12,150 by 1993.

Attracting high-caliber researchers is easier than it used to be. The
brain drain of the '70s and '80s, which saw many of Korea’s best scientific
minds leave the country because of the backward state of science, has
reversed in recent years. Many of these scientists have returned home,
drawn by the chance to help Korea make the critical transition to

A FOLLOWER NO LONG

SAMSUNG’S R&D SPENDING LEADS THE
NATION, AND RESEARCH STAFFS ARE

BEING EXPANDED JUST AS AGGRESSIVELY.

technology-intensive manufacturing. Samsung now employs 195 holders of
doctoral degrees, many of whom studied at prestigious American and
European universities. Samsung estimates that the number of researchers
in Korea with Ph.D.s will grow at the astonishing rate of 38 percent over
the next several years.

More than 3,000 of Samsung’s researchers—more than a third of the
total—work in the electronic home-appliance division, the company’s major
generator of revenue. Recent milestones include the development of an
800-line-resolution television, a video tape recorder with better than 400-
line resolution, a digital audio tape player, a laser-disk player, a washing
machine with fuzzy logic, and a five-inch liquid-crystal-display television.

The division has more than 300 projects in progress, including high-
definition television, a mid-size LCD television, a digital VCR, a second-
generation security robot and an artificial-intelligence robot. Among the
longer-term projects are HDTV with three-dimensional capability and ISDN
compatibility, an ISDN-compatible VCR, a large-screen LCD television
and mobile robots.

One of the largest and most important projects in Samsung's infor-
mation telecom division is its work on the TDX-10, a digital central-office
switch with 100,000-line capacity, which is being developed and manu-
factured jointly by four Korean companies for Korea Telecom (KT), the
state-owned public common carrier. Samsung has poured more than $138
million into the project, and has earned first place in KT’s evaluation of the
four companies. Employing more than 1,000 32-bit microprocessors for its
distributed-architecture design, the TDX-10 places Korea in the elite club of
nine nations that manufacture high-capacity digital central-office switches.

Samsung’s small but growing line of TDX central-office switches is
finding customers in the Philippines, Latin America, Poland and the
Commonwealth of Independent States. Most promising of all, and poten-
tially worth hundreds of millions of dollars, the CIS and China recently
entered coproduction agreements with Samsung to modernize their
telecommunications infrastructures with TDX systems.

Another of Samsung’s recent accomplishments is the independent
development of Korea'’s first G4-class fax machine. The company is moving
steadily toward the realization of the integrated-services digital network
through its research into a digital wireless PABX, broad-band ISDN
switching systems, satellite fax and an automatic-interpretation telephone.

© 1992 SCIENTIFIC AMERICAN, INC

N

<€===-



MM
Municationg Sateliites

What a powerful worid.

At Samsung Electronics creating a better world is a tradition. technologies that make our lives easier and healthier. Step
A world where people have the power and the freedom to up to the world of Samsung Electronics and enjoy the power.
develop their own creativity. Today, Samsung Electronics =§§ SA SUN G
continues this tradition by investing over US$ 700 million Electronics
annually in research and development. All four Samsung TeChnOng that works for life.

) L ) ) ) ) ) Joong-Ang Daily News BIdg., 7, Soonwha-Dong, Chung-Ku, Seoul, Korea
Electronics divisions are dedicated to inventing and imnravinn Tal- 2.751-6114, Fax: 2-751-6064, Tix: SAMSAN K27364, K23471

© 1992 SCIENTIFIC AMERICAN, INC



isolated what he felt was a critical—
and solvable—problem in astrophysics.
Although other astrophysicists were
trying to show how nuclear fusion in
stars could give rise to various heavy
elements, Bethe’s tack was to “forget
about that for now and concentrate on
how we get the energy.” He eventual-
ly showed that virtually all of the ener-
gy generated by the most brilliant stars
stems from a fusion reaction in which
hydrogen serves as the fuel and carbon
as the catalyst. “That’s how I invented
the carbon cycle,” Bethe says, “or should
I say ‘discovered.’”

After World War II broke out, Teller
and others persuaded Bethe to join in
another venture: the construction of a
nuclear fission bomb. At the request of
J. Robert Oppenheimer, chief scientist
of the Manhattan Project, Bethe moved
to Los Alamos, N.M., to take over the
effort’s theoretical division. The group
included such prodigies as the late
Richard P. Feynman, who was 12 years
younger than Bethe.

Recalling this period, Feynman once
likened Bethe to a battleship that, es-
corted by smaller vessels, namely, the
younger physicists, was cruising “ma-
jestically” into the unknown. The admi-
ration was mutual: Bethe says the Hun-
garian mathematician John von Neu-
mann was probably the most brilliant
physicist he has known, and Bohr was
the greatest, in terms of actual accom-
plishments, but “Dick Feynman com-
bined brilliance with greatness.”

Bethe is reluctant to describe his role
in quelling fears that the first atomic
explosion might ignite a global confla-
gration; the incident’s significance has
been greatly exaggerated since it was
first publicized in 1975, he says. But he
briefly recounts what happened. In 1942
Teller had warned that the heat of a nu-
clear blast might trigger runaway fu-
sion of atmospheric nitrogen and set
the entire earth ablaze. Oppenheimer
and others took the suggestion quite
seriously, Bethe notes. But he “sat down
and looked at the problem and found
that it was just incredibly unlikely.”

Later, a more detailed analysis by
two other physicists at Los Alamos cor-
roborated Bethe’s conclusion and “put
the question at rest,” he says. He re-
calls that just before Trinity, the first
test of the atomic bomb, Fermi jokingly
asked if anyone wanted to bet whether
the explosion would set the world on
fire. Bethe himself was sure that such
an event was not possible. Didn’t he
worry at all, during the countdown,
that a cataclysm might ensue? “No,” he
replies. His only concern was that the
initiator, which he had designed, would
not work. It worked.

Bethe says that as World War II gave
way to the cold war, he opposed the de-
velopment of the vastly more powerful
fusion bomb, also called the hydrogen
bomb or simply “the super.” Although
he believed fission-based weapons were
needed to counter Soviet aggression, he
felt that the U.S., by renouncing the su-
per, might have convinced the Soviet
Union to do so as well. Now he is not
S0 sure, since the Russian physicist An-
drei Sakharov revealed in his memoirs
that the Soviets “were determined to
build one no matter what we did.”

At any rate, Bethe’s ambivalence to-
ward the super strained his relationship
with Teller, the bomb’s most enthusias-
tic advocate. The two physicists became
still more estranged in 1954, after Teller
testified before a hearing board set up
by the Atomic Energy Commission to in-
vestigate whether Oppenheimer—who
shared Bethe’s misgivings about the su-
per—was a security risk. Teller “gave a
very convoluted testimony,” Bethe says,

Three years ago Bethe,
then 83, decided to learn
lattice gauge theory, one
of the most challenging
disciplines in physics.

“but it was clear that he stood against
Oppenheimer.”

During the last decade, Bethe and
Teller have clashed repeatedly over the
Strategic Defense Initiative, also called
Star Wars, Teller’s plan to create a shield
against nuclear missiles. After President
Ronald Reagan launched the initiative
in 1983, Bethe criticized it as techni-
cally impossible and politically desta-
bilizing. Can the two former friends
find anything to agree on any more?
“We had a very nice talk together” at a
conference two years ago, Bethe says,
“mostly concerning children.”

Bethe’s involvement with political
issues never kept him from pursuing
his first love, pure physics. In the late
1940s he suggested a way to eliminate
the impossible predictions of infinite
energy arising from quantum mechani-
cal descriptions of electrons. Building
on Bethe’s ideas, various younger phys-
icists, notably Feynman, who followed
Bethe from Los Alamos to Cornell af-
ter World War II, developed quantum
electrodynamics, an astonishingly suc-
cessful theory of all electromagnetic
effects.

In the 1950s and 1960s Bethe de-
vised potent techniques for calculating
the properties of dense agglomerations
of neutrons and protons, also known
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as nuclear matter. The topic still fasci-
nates him. In fact, three years ago he
“apprenticed” himself to another phys-
icist, Gerald E. Brown of the State Uni-
versity of New York at Stony Brook, in
order to learn lattice gauge theory. The
theory, which predicts how nuclear mat-
ter is transformed at extremely high
temperatures into a plasma of quarks
and gluons, is one of the most com-
plicated and challenging in physics.
“I'm interested in learning new things,”
Bethe says.

Since his retirement from teaching
duties in 1975, however, Bethe has de-
voted most of his energy to the subject
he once spurned: stars. In the past few
years, he has written three papers with
Bahcall of the Institute for Advanced
Study trying to explain why the sun
spews out fewer neutrinos than pre-
dicted by standard physics. Bahcall and
Bethe have championed the Mikheyev-
Smirnov-Wolfenstein theory (named af-
ter its originators), which holds that cer-
tain solar neutrinos are transformed be-
fore they reach the earth into variants
that are more difficult to detect.

Bethe has also attempted to un-
derstand how stars explode. It is a lit-
tle-known embarrassment in astrophys-
ics that—in spite of the enormous ad-
vances in observation, theory and com-
puter technology—the latest computer
models of supernovas either yield puny
half-explosions or complete duds. Bethe
has struggled with the problem for 14
years, but now he thinks he might have
solved it.

His proposal calls for simplifying
current supernova models in at least
two ways. Rather than calculate neutri-
no production from the bottom up, he
plugs in a number inferred from obser-
vations of the giant supernova of 1987.
He also employs a more efficient meth-
od of calculating the net energy gener-
ated in a supernova by two competing
nuclear reactions involving neutrinos
and electrons, respectively. These sim-
plifications yield a model that explodes
on cue; it is also so streamlined that its
results can be calculated without a com-
puter. “I can do everything with alge-
bra,” Bethe remarks. “So that makes
me very happy.”

Although we have been talking for
four straight hours now, Bethe is having
a hard time hiding his excitement over
the proposal. He emphasizes that it has
not yet been reviewed; indeed, perhaps
at this very moment, his secretary is
preparing to send out preprints to a se-
lect group of experts. But he is confi-
dent that it will fare well. It’s “a pretty
good paper,” he says—almost as good,
even, as his all-time favorite, the one he
wrote back in 1930. — John Horgan
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How Many Species
Inhabit the Earth?

The sad truth is that no one knows. The answer is relevant to efforts
to conserve biological diversity and could illuminate crucial
questions about evolution and management of the environment

to land on the earth, what is the

first question it would ask? The
alien would, I think, inquire about the
number and variety of living organisms
on this planet. Given that the earth’s
physical attributes derive from univer-
sal and essentially deterministic laws,
the presumably well-traveled visitor
would probably have seen countless
similar worlds throughout the universe.
But the warp of evolutionary forces and
the weft of chance that crafted the rich
tapestry of life on the earth are almost
certainly unique.

Surprisingly, we humans cannot even
approximately answer the alien’s query.
Despite more than 250 years of sys-
tematic research, estimates of the total
number of plant, animal and other spe-
cies vary widely, all the way from three

If an extraterrestrial explorer were

ROBERT M. MAY has been Royal So-
ciety Research Professor at the Univer-
sity of Oxford and at Imperial College,
London, since 1989. He was trained as a
theoretical physicist at Sydney Universi-
ty. During the early 1970s, May became
interested in the dynamics of animal pop-
ulations and in the relations between sta-
bility and complexity in natural com-
munities. In 1977 he moved to Princeton
University, where he served as a profes-
sor of zoology and as vice president for
research. May is currently studying the
factors influencing the diversity and
abundance of species, in particular evo-
lutionary interactions between parasites
and their hosts.

by Robert M. May

million to 30 million or more. Because
no central archives exist, no one even
knows how many species have already
been named and recorded.

I find the current state of affairs par-
ticularly distressing in light of the rap-
id rate at which wild habitats are be-
ing destroyed. A knowledge of the total
number and distribution of species is
fundamental for developing a rational
program to conserve as much as possi-
ble of the remaining biological diversi-
ty. The British government expressed
the argument with admirable clarity in
a 1990 white paper: “The starting point
for this Government is the ethical im-
perative of stewardship which must
underlie all environmental policies....
We have a moral duty to look after our
planet and to hand it on in good order
to future generations.”

Political leaders face a baffling as-
sortment of environmental concerns
that cry out for a better understanding
of how ecosystems change as constitu-
ent species die out and are succeeded

THE TERRESTRIAL PARADISE, painted
by Jan Brueghel the Elder, concentrates
on the species most useful or attractive
to humans; birds and mammals are
therefore grossly overrepresented. Such
historical prejudices are reflected in the
fact that modern tallies of bird and mam-
mal species are nearly complete, but the
total diversity of organisms such as in-
sects, spiders, fungi, nematodes and bac-
teria remains poorly known.
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by other forms of life. Such an inquiry
explores the fundamental relation be-
tween diversity and the stability of a bi-
ological community. It also touches on
other compelling issues, such as pre-
dicting changes in the earth’s climate.
After all, the earth’s oxygen-rich atmo-
sphere was originally produced by liv-
ing organisms, a fact that underlines
the extent to which ecosystems and the
atmosphere are intertwined.

More immediately, utilitarian reasons
for counting and cataloguing species are
also noteworthy. A considerable fraction
of modern medicines has been devel-
oped from biological compounds found
in plants. Society would be well advised
to keep looking at other shelves in the
larder rather than destroying them.
Many nutritious fruits and root crops
remain largely unexploited; cultivating
them could expand and improve the
global food supply.

Even within familiar genera of crop
plants, researchers continue to uncover
new geographic varieties. Such variants
contain the raw material from which
more productive and disease-resistant

strains can be created by selective in-
terbreeding or by genetic engineering.
The triumphs of modern intensive agri-
culture have been accompanied by a
dangerous narrowing of the diversity
of the plants that farmers use, which
increases the susceptibility of crops to
disease and climatic variability. The like-
lihood of shifts in the global environ-
ment gives fresh emphasis to the desir-
ability of conserving the gene pool and
to exploring the use of different plants.

fforts to view the organic world as
an ordered system date back at

least to Aristotle. The task of sys-
tematically naming and recording spe-
cies, known as taxonomy, was begun by
the great natural scientist Carolus Lin-
naeus, in Uppsala, Sweden. The canoni-
cal 10th edition of his book Systema
Naturae, which recorded some 9,000
species of plants and animals, was pub-
lished in 1758—a full century after Isaac
Newton had arrived at an analytic and
predictive understanding of the laws of
gravity, based on centuries of detailed
astronomical observations.

Since then, taxonomists have added
species to Linnaeus’s list at highly dis-
parate rates in different biological cate-
gories. By far the most attention has
been lavished on animals endowed with
the charm of feathers or fur. Scientists
have nearly completed cataloguing such
species. For example, less than a cen-
tury after Linnaeus’s work, half of the
9,000 known species of birds had been
recorded. Researchers currently uncov-
er only about three to five new bird spe-
cies a year. A similar situation holds for
the 4,000 or so species of mammals,
although on average about 20 species
and one genus are discovered annual-
ly. About half of those are truly undis-
covered species (mostly rodents, bats or
shrews), whilst the others result from
reclassifications of old species based
on updated biochemical findings.

Quite a different pattern emerges for
organisms other than birds and mam-
mals. A record of the growing number
of known species of arachnids and crus-
taceans (essentially, arthropods other
than insects) shows that relatively high
rates of discovery prevailed in Victori-




CAROLUS LINNAELUS (left) established
in the mid-18th century the nomencla-
ture and classification system of mod- |
ern taxonomy. An illustration from
his book Systema Naturae (right)
shows how he organized plants
based on leaf shapes.
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an times, followed by a prolonged lull.
More than half of the current total has
been added within just the past few
decades. In a recent study, Peter M.
Hammond of the Natural History Muse-
um in London demonstrated that from
1978 to 1987 the number of known
species of birds increased an average
of just 0.05 percent a year. Over the
same period, the recorded number of
species of insects, arachnids, fungi and
nematodes expanded by 0.8, 1.8, 24
and 2.4 percent a year, respectively.
The varying rates of discovery to
some extent reflect different sizes in the
work force of taxonomists dedicated to
studying each group of organisms. Ac-
curate statistics on the work force are
hard to obtain, but a cursory survey of
researchers in Australia, the US. and
Britain by Kevin J. Gaston of the Natu-
ral History Museum and me offers
some perspective. We found that if N
represents the average number of tax-
onomists studying each species of
tetrapod (all vertebrates other than
fish), then there are approximately
0.3N taxonomists for each species of
fish and only from 0.02N to 0.04N for
each invertebrate. Some 10,000 taxono-

RICHNESS OF LIFE ON EARTH takes on an unfamiliar appear-
ance when organisms are ranked according to their contribu-

mists work in North America; the glob-
al total is perhaps three times greater.

Overall, there are twice as many tax-
onomists for each recorded plant spe-
cies as for each animal. Within the ani-
mal kingdom, the average vertebrate
species receives about one order of
magnitude, or factor of 10, more taxo-
nomic attention than does the average
plant, whereas the average invertebrate
receives about an order of magnitude
less. The distribution of taxonomists is
manifestly ill matched to the species
richness of the various taxa. Moreover,
only about 4 percent of taxonomists
work in Latin America and sub-Saharan
Africa, where much of the earth’s bio-
logical diversity resides.

The lack of a central repository of
information on species poses an even
more basic obstacle to the compilation
of a complete taxonomic list. The rec-
ords mainly consist of old-fashioned file
cards poorly coordinated among scat-
tered institutions. There is no official
count of the species that have already
been named. Scientists know far more
about (and spend vastly more money
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studying) the systematics of stars than
the systematics of earthly organisms.
Consequently, they have as® good a
knowledge of the number of atoms in
the universe—an unimaginable abstrac-
tion—as they do of the number of spe-
cies of plants and animals.

According to the best estimates, tax-
onomists have identified 1.5 to 1.8 mil-
lion species, but the list is obviously far
from complete. An assortment of ap-
proaches—some empirical, others the-
oretical—has been used to determine,
at least approximately, the real total.
Even the lowest estimates indicate the
existence of three million species, so
many that present methods will not suf-
fice to discover and catalogue them all
within a reasonable time.

Several authors have estimated the
global species total by extrapolating
from trends in recording species. Such
work is prone to divergent interpreta-
tions depending on one’s statistical pro-
cedures. A recent study, conducted us-
ing separate statistical projections from
trends of discovery for each major bio-
logical group, concluded that there are
six to seven million species. Another ap-
proach, which drew on the opinions of
experts in each group, implied the exis-
tence of upward of five million species.

any projections rely on a sim-

l\/ I ple intuitive argument, based
on the relative abundances of

species in different taxonomic catego-
ries. For well-studied groups such as
birds and mammals, tropical species
are about twice as common as temper-
ate or boreal ones. But among insects,
which account for the majority of all
recorded species, northern faunas are
much better known than are tropical
ones; approximately two thirds of all
named insect species live outside the
tropics. If the ratio of numbers of trop-
ical species to temperate and boreal
ones is the same for insects as it is for
mammals or birds (a far from certain
assumption), there should be two yet
unnamed species of tropical insects for
each named temperate or boreal spe-
cies. Applying the above logic expands
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tion to the total biodiversity, as measured by the number of
species in different groups. Insects account for more than one



the 1.5 to 1.8 million recorded species
to from three to five million.

A more direct way of estimating the
global species total—especially the num-
ber of tropical insect species—involves
thoroughly sampling the organisms liv-
ing in some region that has been rela-
tively unstudied and then determining
what fraction of those plants and ani-
mals has already been described. That
method presents quite a challenge: even
within a limited area it is difficult to
sample all of the tropical insects. Iden-
tifying and classifying them presents an
even more onerous task. And one must
worry whether the site or group is typi-
cal of the general patterns of species
distribution.

Ian D. Hodkinson and David S. Cas-
son of the Liverpool Polytechnic in Eng-
land assessed the hemipterans, or true
bugs, in a moderately large, topograph-
ically diverse region of tropical rain for-
est in Sulawesi, Indonesia. They found
a total of 1,690 species of terrestrial
bugs, 63 percent of which were previ-
ously unknown. If this fraction is repre-
sentative of insects generally, then one
could infer from the 900,000 recorded
species of insects an actual total of two
to three million species.

Hammond carried out a different
version of this local-population tech-
nique. He observed that the 22,000 in-
sect species found among the well-in-
ventoried fauna of Britain (where gen-
erations of clergymen have given more
attention to their six-legged flocks than
to their two-legged ones) include 67
species of butterflies. Many naturalists
accord butterflies the honorary status
of birds, and hence the 17,500 known
species represent a nearly complete in-
ventory. The true number almost sure-
ly is no more than 20,000.

If the taxonomic composition of the
insect fauna of Britain resembles the
global composition, the world should
contain a total of about six million (22,-

14 15 16

000 times 20,000, divided by 67) insect
species. Such scaling-up estimates suf-
fer from a built-in uncertainty. One can-
not be certain that any individual group
of insects or any particular place is typ-
ical of the insect population in general.
Terry L. Erwin of the Smithsonian In-
stitution directed a particularly intrigu-
ing study in which he and his co-work-
ers scrutinized beetle faunas in the
canopies of tropical trees. Beetles are
distinguished from other insects by
their hard, winglike plates that cover
functional inner wings. Approximately
one in five of all recorded species are
beetles, a fact that prompted the Brit-
ish geneticist J.B.S. Haldane to joke that
his studies of the natural world had
taught him that the Creator has “an in-
ordinate fondness for beetles.” Further-
more, tropical forests are rich sites of
biodiversity. Although they cover only
about one sixteenth of the earth’s land
area, tropical forests may harbor at
least as many species as the rest of the
world’s regions added together. Even so,
few researchers anticipated the stun-
ning implications of Erwin’s work.
Using an insecticidal fog, Erwin col-
lected canopy beetles in Panama from
Luehea seemannii trees, tropical cousins
of the linden. Over three seasons, Erwin
found a remarkable total of some 1,200
beetle species. He has not yet sorted

them out to determine how many of

the species are uncatalogued, so the ex-
trapolation method described above

1. MAMMALS 11. FLATWORMS
2. AMPHIBIANS 12. FISH
3. BACTERIA 13. ALGAE
4. SPONGES 14. PROTOZOA
5. ECHINODERMS 15. FUNGI
6. REPTILES 16. MOLLUSKS
7. COELENTERATES 17. NONINSECT
8. BIRDS ARTHROPODS
9. EARTHWORMS 18. PLANTS

10. ROUNDWORMS 19. INSECTS

SCALE: 1/8-INCH SQUARE = 1,000 SPECIES

cannot be applied. Instead Erwin used
the following chain of argument.

First, he needed to know how many of
the beetle species he collected live spe-
cifically on L. seemannii, as opposed to
being distributed across many kinds of
trees. Erwin guessed that around 20
percent of the herbivorous beetles (the
largest group in his sample) are special-
ized to each tropical tree species. On
that basis, he estimated that one kind of
tree holds an average of 160 species of
canopy beetle. Second, Erwin inferred
the plenitude of all insect species from
the species density of canopy beetles.
Forty percent of known insects are bee-
tles; if this proportion applies in tropical
tree canopies, then 400 kinds of canopy
insects occupy each tree species.

Third, Erwin supposed that the can-
opy contains two thirds of the insect
species on the tree, implying a total of
600 insect species on every variety of
tropical tree. Finally, he cited a widely
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half of all known species, even though they certainly have
not all been catalogued. In contrast, there are only 4,000

species of mammals, about one quarter of 1 percent of the
roughly 1.5 million recorded species.
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accepted estimate that the earth sup-
ports 50,000 species of tropical trees.
Multiplying 600 insect species times
50,000 tree species yields 30 million
kinds of insects. The number of all spe-
cies worldwide would obviously have
to be much larger still.

Each link in Erwin’s chain of logic in-
volves extreme uncertainty. In my opin-
ion, tropical beetles as a group are like-
ly to be significantly less specialized
than are temperate ones, in which case
Erwin’s figure of 20 percent should be
closer to 2 or 3 percent. On the other
hand, Erwin probably underestimated
the species density on the noncanopy
part of the tree, which I suspect may
hold as much as two thirds of the in-
sect species.

If one incorporates what I consider
to be more realistic numbers, the calcu-
lations imply the existence of only
three to six million insect species. I
nevertheless believe that Erwin’s work
is important, both in providing a fo-
cused approach to the problem of esti-
mating how many species exist and in
emphasizing how taxonomic questions
interweave with ecological ones. Er-
win’s efforts do not settle the question
of how many species exist so much as
they define an agenda for research.

he ultimate aim in recording bio-

I logical diversity is to build a fac-
tual foundation for answering ba-

sic questions about evolution and ecolo-
gy. Taxonomic lists serve as points of
departure for studying the structure of
food chains, the relative abundance of
species, the number of species or total
number of organisms of various physi-
cal sizes, and general trends in the num-
bers and distribution of living things.
Some of those studies suggest broad

rules that make it possible to estimate
the number of species in other, inde-
pendent ways.

One such technique derives from ob-
serving patterns of how many species
of land-dwelling animals fall into vari-
ous body-size categories. In general,
taxonomists find that for each 10-fold
reduction in length the number of spe-
cies fitting into that size category in-
creases 100-fold. The pattern holds for
animals ranging in length from a few
meters down to around one centimeter.

Below one centimeter the relation be-
gins to fall apart, possibly because of
the highly incomplete record of such
tiny terrestrial animals. If the size-ver-
sus-species density pattern were arbi-
trarily extrapolated down to animals
having a characteristic length of around
one millimeter—an arbitrary dividing
line between macroscopic and micro-
scopic life—it would imply a global total
of some 10 million species of land-
dwelling animals. Such a purely phe-
nomenological assessment would be
more persuasive if taxonomists confi-
dently understood the physiological,
ecological and evolutionary factors re-
sponsible for body-size distributions.

(The size distribution rule sheds light
on Noah’s problem with the size of the
Ark. Pundits have often suggested that
Noah would have faced impossible ob-
stacles getting all the myriad insect
species on board. But if a 10-fold de-
crease in size—equivalent to a 1,000-
fold decrease in volume—results in only
100 times as many species, then the
difficulty really lay in getting the largest
creatures on board.)

General patterns in the structure of
the food chain provide the basis for an-
other kind of species tally. Photosyn-
thetic plants create the raw organic ma-

terial that forms the first link in the
food chain. If one could obtain detailed
statistics on how many other life-forms
each kind of plant can support, then
the total number of species could be
derived from the comparatively com-
plete counts of plant species.
Although scientists remain a long way
from this grail, Gaston has extended
earlier research on food chains by col-
lecting available evidence on the average
numbers of insect species associated
with each plant species in communi-
ties of highly disparate sizes and loca-
tions. On average, he finds approximate-
ly 10 insect species for each plant spe-
cies. Given the fairly secure estimates
of about 270,000 species of vascular
plants overall, Gaston crudely derives a
total of three million insect species.
The discussion up to this point has
dwelt mainly on calculating the num-
bers of terrestrial insect species, and
for good reason: those creatures al-
ready constitute more than half of all
recorded species, and yet they are far
from being completely catalogued. Sev-
eral other taxonomic groups may rival
the diversity of the insects, however. In
particular, organisms that are small or
unglamorous, or both, have probably
been disproportionately overlooked.
David L. Hawksworth of the Interna-
tional Mycological Institute in Kew, Eng-
land, has proposed an upward revision
of the total number of fungal species at
least as striking as the one suggested by
Erwin’s work on insects. Hawksworth
begins by noting that taxonomists have
recorded some 69,000 species of fungi.
In Britain and other well-scrutinized
northern European regions, fungal spe-
cies outnumber vascular plant species
by about six to one. If that ratio holds
true around the globe, then the 270,-

1.0

z os BIRDS ARTHROPODS
% 9,000 SPECIES 130,000 SPECIES
Z NOW KNOWN NOW KNOWN
D@ 01k -
ik
&a
&0
=z
S o001} |
'_
Q
<
o
w

0.001

1758 1845 1990 1758 1960 1990
YEAR YEAR

NUMBER OF SPECIES recorded by taxonomists has grown at
highly divergent rates for different forms of life. Half of all

species are added to the list each year (left). For arachnids
and crustaceans, in contrast, most of the recorded species

known bird species had been discovered by 1845; only a few have been found just since the 1960s (right).
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000 catalogued vascular plants coexist
with 1.6 million species of fungi, more
than 20 times the number now known.

Biological patterns seen in temperate
zones might not apply to tropical com-
munities, of course. Tropical fungal spe-
cies may each associate with a broader
range of plants than do those in the
temperate zones; such a discrepancy
would lower the ratio of fungal to plant
species. Conversely, Hawksworth ig-
nores fungi associated with insects
rather than with plants, which steers
him toward a low estimate. In recent
studies of particular tropical sites, the
proportion of previously undescribed
species of fungi hovers around 15 to 30
percent, significantly below the 95 per-
cent one might expect if Hawksworth'’s
calculation were correct. On the other
hand, the studies are not even close to
being synoptic, so it may be unfair to ex-
pect them to uncover the full panoply of
uncatalogued species.

The sketchy knowledge of the num-
ber of fungal species belies the fact that
they are vital elements of most ecosys-
tems, aiding the decomposition of or-
ganic material and the formation of new
soil. Fungi have undoubtedly shaped the
development of biological diversity, first
by helping plants colonize dry land and
then, especially through symbiotic rela-
tions, by assisting in the spread and di-
versification of vascular plants, insects
and other organisms. Such an impor-
tant part of the earth’s biota deserves
more attention.

Nematodes are probably the least
well inventoried of all animals visible to
the naked eye. These tiny worms live as
parasites in plants and animals and as
free-living creatures in freshwater and
marine settings. As of 1860, only 80
species of nematodes had been recog-
nized. Today’s total stands at about
15,000. Recent investigations of nema-
todes on land and in fresh water sug-
gest that recorded species account for
only a tiny fraction of the total popula-
tion. Other studies indicate even greater
diversity in marine environments. Few
taxonomists would quarrel with Ham-
mond’s assessment that the number of
nematode species is at least some hun-
dreds of thousands.

he smallest living creatures—

those invisible to the unaided

eye—probably also contribute
greatly to the global cache of species.
Microorganisms such as protozoa, bac-
teria and viruses account for only about
5 percent of recorded living species.
Recent work has revealed, however,
that the diversity among natural popu-
lations of microbial organisms is far
greater than that seen in studies of fa-

Bootstrap Method of Estimating Insect Diversity

The number of beetle species found in
the canopies of a particular tree species
forms the basis of the estimate. Strictly
speaking, the number of beetle species
specialized to those trees is defined as all
the beetle species living only on that
kind of tree, half of the species on two
kinds of trees, one third of the species on
three kinds of trees and so on.

Nonbeetle insects account for about 60
percent of all insect species worldwide.
Terry L. Erwin of the Smithsonian Institu-
tion roughly estimated that 160 beetle
species are specialized to the canopies of
one kind of tropical linden tree. If beetles
constitute 40 percent of the insect diver-
sity, then there must be 400 species of
insects specialized to those trees.

Other parts of the tree, including the
trunk, roots and surrounding leafy soil,
also harbor insects. Erwin guessed that
two thirds of all insect species live in the
canopy, which would imply the existence
of 600 insect species for each tree species.

Tropical forests contain about 50,000
species of trees. If, on average, 600 in-
sect species are associated with each
kind of tree, then the tropical forests
contain an astounding 30 million (50,000
times 600) insect species. Erwin’s result
is tentative, however, and may be too
high by a factor of five or more.

miliar laboratory cultures. One study
of RNA from a mat of photosynthetic
bacteria in a hot spring at Yellowstone
National Park found eight distinct ge-
netic sequence types, none of which
matched the 12 strains of laboratory-
cultured bacteria that had been be-
lieved to be characteristic of such mats.
Only one of the eight sequences bears
any close resemblance to those belong-
ing to a recognized bacterial phylum.
Biologists who have examined ribo-
somal RNA sequences in natural ma-
rine microbe populations have arrived
at broadly similar results. Those stud-

ies are, in some ways, even more re-
markable than the revelations about
tropical canopy faunas because they
demonstrate how astonishingly little
taxonomists know about the simplest,
most common forms of life.

The task of categorizing bacteria and
viruses is complicated by the fact that
different strains readily exchange ge-
netic material and that a single parent
can clone itself to create an entire pop-
ulation. Also, some viruses mutate no-
ticeably from year to year. Basic no-
tions about what constitutes a species
are therefore more vague for microbes
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NUMBER OF SPECIES
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SIZE RELATION offers a crude way to guess the number of species. In general, there
are systematically more species of small animals than of large ones. The relation ap-
pears to break down for creatures less than one centimeter long, perhaps because
taxonomists tend to overlook such species. If the relation holds for organisms as
small as a millimeter long, there are abcut 10 million species.

than for vertebrates. Manfred Eigen of
the Max Planck Institute for Biophysical
Chemistry in Gottingen and Peter Schu-
ster of the University of Vienna argue
that the basic unit of classification of
many viruses should be the quasispe-
cies, a well-defined set of distinctive
RNA sequences. Natural selection acts
not on viral species as such but on the
quasispecies swarm.

The contribution of microorganisms
and nematodes to the overall gene pool
may be surprisingly large. One rather
flippant, but not entirely unreasonable,
view is that every species of arthropod
and vascular plant (which together ac-
count for the vast majority of all record-
ed species) has at least one parasitic
nematode, one protozoan, one bacteri-
um and one virus specialized to it. If so,
the previously described species counts
should automatically be scaled up by a
factor of five. In that case, the total
could potentially exceed 100 million, al-
though I doubt the number is so large.

Species counts are useful because
the species is a fairly concrete and read-
ily defined measure of genetic unique-
ness. But many evolutionary questions
or practical purposes direct a research-
er’s interest toward diversity at higher
or lower taxonomic levels.

Moving up the taxonomic hierarchy,
from species through genera, families,
orders and classes to phyla, emphasiz-
es ever more fundamental genetic vari-
ations. For instance, less than 15 per-
cent of all recorded species dwells in the
ocean. But more than 90 percent of all
classes of organisms and essentially all
phyla are represented in the sea. Indeed,
two thirds of all phyla is found only in

the sea. Hence, in terms of the range of
body plans of organisms, the ocean is
much more diverse than the land.

At the other end of the hierarchy,
conservationists are often interested in
the genetic differences among individu-
als within a single species. When a spe-
cies nears extinction, much of its ge-
netic diversity disappears, a loss that
cannot be reversed by breeding pro-
grams. Investigations of diversity with-
in a species therefore offer a measure
of the degree to which endangered spe-
cies have already been irretrievably de-
pleted. Genetic studies can also suggest
whether a species may have approached
extinction in the not too distant past.

require a huge coordinated and sus-

tained effort. I believe such dedi-
cation is warranted. Conservation will
increasingly necessitate intervening in
and managing ecosystems, along with
making agonizing choices of where to
concentrate such efforts. Those actions
will demand better information than is
currently available.

The human race also needs to under-
stand the diversity of living things—
how much there is and why—for the
same reasons that compel people to
grope for an understanding of the ori-
gin and fate of the universe or of the
sequence of molecules in the human
genome that code for our own self-as-
sembly. Unlike those other quests, the
task of studying and conserving biologi-
cal diversity has a strict time limit. Each
year from 1 to 2 percent of the world’s
tropical forests are destroyed to create
farmland and provide fuel and raw ma-

Improving the catalogue of life will
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terial. At that rate, the tropical forests
will be gone in 50 years or so.

The time constraints mean that tax-
onomists must develop imaginative ap-
proaches for cataloguing diversity. One
method is to enlist the help of nonpro-
fessionals (so-called barefoot taxono-
mists) to collect and classify specimens
using rough-and-ready techniques. They
can gather most of the wanted informa-
tion in a fraction of the time that would
be needed to satisfy the canons of tradi-
tional scholarship. Simplified taxonomic
research programs are being pioneered
in Costa Rica by Rodrigo Gamez and
others at the National Institute of Bio-
diversity; Australia is sponsoring simi-
lar work as part of an effort to codify
the national collection of species.

Other approaches make use of high
technology. Researchers could collect,
store and distribute species information
on computer disks; efficient programs
could be developed to cross-check a
species against an organized data base,
thereby revolutionizing the time-con-
suming task of separating and classify-
ing new species. Reference images could
be made into holograms that would be
readily available. The centralized Aus-
tralian data base already incorporates
some of those features. If widely and
creatively applied, modern information
technology could make extensive Eu-
ropean collections—the legacy of em-
pire—accessible to underequipped re-
searchers in the tropics.

Future generations will, I believe, find
it incomprehensible that in the late
20th century, Linnaeus continued to lag
far behind Newton. They may also be
saddened—as people should be today—
that our society has devoted so little
money and effort toward quantifying
and conserving the forms of life that
define the earth’s unique glory.
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Quantum Cryptography

For ages, mathematicians have searched for a system that would allow two
people to exchange messages in absolute secrecy. Quantum mechanics has
now joined forces with cryptology to achieve a major step in that direction

by Charles H. Bennett, Gilles Brassard and Artur K. Ekert

Bug,” published in 1843, Edgar Allan
Poe explains the rudiments of code
breaking and ventures the opinion that
the human mind can break any cipher
that human ingenuity could devise. Dur-
ing the subsequent century and a half,
the contest between code makers and
code breakers has undergone reversals
and complications that would have de-
lighted Poe. An unbreakable cipher was
invented in 1918, although its unbreak-
ability was not proved until the 1940s.
This cipher was rather impractical be-
cause it required the sender and receiv-
er to agree beforehand on a key—a
large stockpile of secret random digits,
some of which were used up each time
a secret message was transmitted. More
practical ciphers with short, reusable
keys, or no secret key at all, were devel-
oped in the 1970s, but to this day they
remain in a mathematical limbo, having
neither been broken nor proved secure.
A recent unexpected development is
the use of quantum mechanics to per-
form cryptographic feats unachievable
by mathematics alone. Quantum cryp-
tographic devices typically employ indi-
vidual photons of light and take advan-
tage of Heisenberg’s uncertainty prin-
ciple, according to which measuring
a quantum system in general disturbs

In his classic short story “The Gold

CHARLES H. BENNETT, GILLES BRAS-
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E.W.R. Steacie Memorial Fellowship. Ek-
ert, who last year received his doctoral
degree from the University of Oxford, is a
Junior Research Fellow at Merton College
at Oxford. This is Bennett’s third article
for Scientific American.

it and yields incomplete information
about its state before the measurement.
Eavesdropping on a quantum communi-
cations channel therefore causes an un-
avoidable disturbance, alerting the le-
gitimate users. Quantum cryptography
exploits this effect to allow two parties
who have never met and who share no
secret information beforehand to com-
municate in absolute secrecy under the
nose of an adversary. Quantum tech-
niques also assist in the achievement of
subtler cryptographic goals, important
in the post-cold war world, such as en-
abling two mutually distrustful parties
to make joint decisions based on pri-
vate information, while compromising
its confidentiality as little as possible.

r I Yhe art of cryptography began at
least 2,500 years ago and has
played an important role in histo-

ry ever since. Perhaps one of the most

famous cryptograms, the Zimmermann

Note, propelled the U.S. into World War

I. When the cryptogram was broken in

1917, Americans learned that Germany

had tried to entice Mexico to join its war

effort by promising Mexico territories in

the U.S.

Around this time Gilbert S. Vernam
of American Telephone and Telegraph
Company and Major Joseph O. Mau-
borgne of the U.S. Army Signal Corps
developed the first truly unbreakable
code called the Vernam cipher [see box
on page 52]. One distinctive feature of
the code is its need for a key that is
as long as the message being transmit-
ted and is never reused to send anoth-
er message. (The Vernam cipher is also
known as the one-time pad from the
practice of furnishing the key to spies
in the form of a tear-off pad, each sheet
of which was to be used once and then
carefully destroyed.) The discovery of
the Vernam cipher did not create much
of a stir at the time, probably because
the cipher’s unbreakability was not de-
finitively proved until later and be-
cause its massive key requirements
made it impractical for general use.
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Because of this limitation, soldiers and
diplomats continued to rely on weaker
ciphers using shorter keys. Consequent-
ly, during World War II, the Allies were
able to read most of the secret mes-
sages transmitted by the Germans and
Japanese. These ciphers, though break-
able, were by no means easy to crack.
Indeed, the formidable task of breaking
increasingly sophisticated ciphers was
one of the factors that stimulated the
development of electronic computers.

Academic interest in cryptology grew
more intense in the mid-1970s, when
Whitfield Diffie, Martin E. Hellman and
Ralph C. Merkle, then at Stanford Uni-
versity, discovered the principle of pub-
lic-key cryptography (PKC). Soon after-
ward, in 1977, Ronald L. Rivest, Adi Sha-
mir and Leonard M. Adleman, then at
the Massachusetts Institute of Technolo-
gy, devised a practical implementation
[see “The Mathematics of Public-Key
Cryptography,” by Martin E. Hellman;
SCIENTIFIC AMERICAN, August 1979].

Public-key cryptosystems differ from
all previous schemes in that parties
wishing to communicate do not need
to agree on a secret key beforehand.
The idea of PKC is for a user, whom we
shall call Alice, to choose randomly a
pair of mutually inverse transforma-
tions—to be used for encryption and
decryption; she then publishes the in-
structions for performing encryption
but not decryption. Another user, Bob,
can then use Alice’s public-encryption
algorithm to prepare a message that
only she can decrypt. Similarly, anyone,
including Alice, can use Bob’s public-
encryption algorithm to prepare a mes-
sage that only he can decrypt. Thus, Al-
ice and Bob can converse secretly even
though they share no secret to begin
with. Public-key cryptosystems are espe-
cially suitable for encrypting electronic
mail and commerecial transactions, which
often occur between parties who, unlike
diplomats and spies, have not anticipat-
ed their need to communicate secretly.

Offsetting this advantage is the fact
that public-key systems have not been



proven to be secure. Indeed, in 1982
Shamir, now at the Weizmann Insti-
tute of Science in Israel, cracked one of
the early public-key cryptosystems, the
knapsack cipher. Poe could be smiling
from the grave, knowing there is a clev-
er method of attack, as yet undiscov-
ered, that could break any of these ci-
phers in a few minutes.

everal years before the discovery

S of public-key cryptography, an-
other striking development had
quietly taken place: the union of cryp-
tography with quantum mechanics.
Around 1970 Stephen J. Wiesner, then
at Columbia University, wrote a paper
entitled “Conjugate Coding,” explaining
how quantum physics could be used,
at least in principle, to accomplish two
tasks that were impossible from the
perspective of classical physics. One
task was a way to produce bank notes
that would be physically impossible to
counterfeit. The other was a scheme for
combining two classical messages into
a single quantum transmission from
which the receiver could extract either
message but not both. Unfortunate-
ly, Wiesner’s paper was rejected by the
journal to which he sent it, and it went
unpublished until 1983. Meanwhile, in
1979, two of us (Bennett and Brassard)
who knew of Wiesner’s ideas began
thinking of how to combine them with

public-key cryptography. We soon real-
ized that they could be used as a substi-
tute for PKC: two users, who shared no
secret initially, could communicate se-
cretly, but now with absolute and prov-
able security, barring violations of ac-
cepted physical laws.

Our early quantum cryptographic
schemes, developed between 1982 and
1984, were somewhat impractical, but
refinements over the next few years
culminated in the building of a fully
working prototype at the IBM Thomas
J. Watson Research Center in 1989.
John Smolin, now at the University of
California at Los Angeles, helped to
build the electronics and optics for the
apparatus, and Francois Bessette and
Louis Salvalil of the University of Mon-
treal assisted in writing the software.
At about the same time, the theoretical
ideas of David Deutsch of the Universi-
ty of Oxford led one of us (Ekert) to
conceive of a slightly different crypto-
system based on quantum correlations.
In early 1991, utilizing ideas conceived
by Massimo Palma of the University of
Palermo, John Rarity and Paul Tapster
of the British Defence Research Agency
started experiments implementing Ek-
ert’s cryptosystem.

To explain how such systems work,
we need to describe in more detail some
aspects of the mathematics of classical
cryptography, especially the role of the

key. In the early days of cryptography
the security of a cipher depended on the
secrecy of the entire encryption and de-
cryption procedure. Today such proce-
dures are usually known publicly, but
the key is kept secret. In such ciphers
the key is used to control and custom-
ize the encryption and decryption pro-
cesses in such a way that an adversary
who has intercepted the cryptogram
and knows the general method of en-
cryption but not the key will not be able
to infer anything useful about the origi-
nal message. Consequently, the crypto-
gram may be broadcast over a public
channel such as a radio or printed in a
newspaper. The key, however, must be
sent through a very secure private chan-
nel, such as a clandestine meeting or a
delivery by a trusted courier. Although
the distribution of a key over private
channels is expensive, it makes possi-
ble subsequent secret communication
over inexpensive public channels.
Ultimately, the security of a crypto-
gram depends on the length of the key.
In two brilliant papers written in the
1940s, Claude E. Shannon, then at Bell
Laboratories, showed that if the key is
shorter than the message being encrypt-
ed, some information about the mes-
sage can be inferred from the crypto-
gram by a sufficiently powerful adver-
sary. This leakage of information occurs
regardless of how complicated the en-

QUANTUM DEVICE generates and measures extremely faint
flashes of polarized light, providing a secure way to transmit
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information [see illustration on pages 56 and 57]. On average,
each flash consists of one tenth of a photon.
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The Cipher of Ché Guevara

hen in 1967 the Bolivian army captured and executed the revolu-
tionary Ché Guevara, they found on his body a worksheet show-

ing how he prepared a message for transmission to Cuban presi-
dent Fidel Castro. Guevara used the unbreakable cipher invented by Gilbert
Vernam in 1918. The letters of Guevara's message (in Spanish) were first
translated into one- and two-digit decimal numbers by a fixed rule, namely:

A6 E8 139 M70 Q71 U52 Y1

B38 F30 J31 N76 R58 V50 Z59

C32 G36 K78 09 S2 W56

D4 H34 L72 P79 TO X54
By itself this procedure would have provided virtually no protection. The
message digits were then strung together in convenient five-digit blocks.
They became the top line of each three-line group on the worksheet. The

middle line of each group is the key, a sequence of random digits known
only to Guevara and Castro.
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Next the message and key were added (without carries) to produce a
cryptogram, forming the bottom line of each three-line group. Because of
the addition of the random key digits, this cryptogram is itself a random
decimal sequence, carrying no information about the original message,
except to someone who knows the key. The cryptogram was then trans-
mitted to Cuba by an insecure channel such as shortwave radio. At the
receiving end, Castro's cipher office would have subtracted the same ran-
dom key digits, reconstructing the number sequence in the top row, and
then would have translated the numbers back into the letters of the message.

Many spies and diplomats have used the Vernam cipher throughout the
20th century. The key, rather than consisting of decimal digits, can be a
long random sequence of the binary digits 0 and 1, and the additions and
subtractions would be carried out in base 2 by machine, rather than in
base 10 by hand. Nevertheless, the key must still be hand-carried from the
place where it is generated to the places where it will be used, and it must
be assiduously guarded during all phases of delivery and storage to pre-
vent it from falling into the hands of an adversary.
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cryption process may be. In contrast,
the message can be completely and un-
conditionally hidden from the eaves-
dropper by cryptosystems such as the
Vernam cipher, in which the key is as
long as the message, is purely random
and is used only once.

ven the Vernam cipher is only
E as secure as its key distribution

and key storage. Because of the
great difficulty of supplying secure new
keys for every message, the Vernam
cipher is impractical for general com-
mercial uses, although it is routinely
employed for diplomatic communica-
tions such as those exchanged over the
Moscow-Washington hot line. In con-
trast, the most widely used commercial
cipher, the Data Encryption Standard,
depends on a 56-bit secret key, which
is reused for many encryptions over
a certain length of time. This scheme
simplifies the problem of secure key
distribution and storage, but it does
not eliminate it.

A fundamental problem remains. In
principle, any classical private channel
can be monitored passively, without the
sender or receiver knowing that the
eavesdropping has taken place. For ex-
ample, a key carried by a trusted couri-
er might have been read en route by a
surreptitious high-resolution x-ray scan
or other sophisticated imaging tech-
nique without the courier’s knowledge.
More generally, classical physics—the
theory of macroscopic bodies and phe-
nomena such as paper documents, mag-
netic tapes and radio signals—allows
all physical properties of an object to
be measured without disturbing those
properties. Since all information, includ-
ing a cryptographic key, is encoded in
measurable physical properties of some
object or signal, classical theory leaves
open the possibility of passive eaves-
dropping, because it allows the eaves-
dropper in principle to measure physi-
cal properties without disturbing them.

This is not the case in quantum the-
ory, which forms the basis for quan-
tum cryptography. Quantum theory is
believed to govern all objects, large and
small, but its consequences are most
conspicuous in microscopic systems
such as individual atoms or subatomic
particles. The act of measurement is an
integral part of quantum mechanics,
not just a passive, external process as
in classical physics. So it is possible to
design a quantum channel—one that
carries signals based on quantum phe-
nomena—in such a way that any effort
to monitor the channel necessarily dis-
turbs the signal in some detectable way.
The effect arises because in quantum
theory, certain pairs of physical prop-



erties are complementary in the sense
that measuring one property necessar-
ily disturbs the other. This statement,
known as the Heisenberg uncertain-
ty principle, does not refer merely to
the limitations of a particular measure-
ment technology: it holds for all possi-
ble measurements.

The uncertainty principle can be
applied to design a completely secure
channel based on the quantum proper-
ties of light. The smallest unit, or quan-
tum, of light is the photon, which can
be thought of as a tiny, oscillating elec-
tric field. The direction of the oscilla-
tion is known as the photon’s polariza-
tion. Ordinary light consists of photons
that have many different polarizations.
But if the light passes through a polar-
izing filter, such as those used in sun-
glasses, only photons having a partic-
ular polarization will make it through.
Which polarization is transmitted de-
pends on the orientation of the filter.
In sunglasses the filters are oriented to
transmit vertically polarized light be-
cause such light reflects off most hor-
izontal surfaces with less glare. But if
the glasses are turned 90 degrees, so
that one lens is directly above the oth-
er, they will transmit horizontally po-
larized light, augmenting the glare in-
stead of diminishing it.

r I Yo construct a quantum channel,
one needs a polarizing filter or
other means for the sender to

prepare photons of selected polariza-

tions and a way for the receiver to mea-
sure the polarization of the photons.

The latter job could be accomplished by

another polarizing filter, which would

absorb some of the photons striking it.

But the task is most conveniently done

by a birefringent crystal (such as cal-

cite), which sends incident photons, de-
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pending on their polarization, into one
of two paths without absorbing any [see
illustration on next page).

A photon encountering a calcite crys-
tal behaves in one of two ways depend-
ing on its polarization in relation to the
crystal. The photon may pass straight
through the crystal and emerge polar-
ized perpendicular to the crystal’s optic
axis, or it may be shifted and emerge
polarized along that axis. If the photon
entering the crystal is already polarized
in one of these two directions, it will
undergo no change of polarization but
will be deterministically routed into the
straight or shifted path, respectively. If a
photon polarized at some intermediate
direction enters the crystal, however, it
will have some probability of going into
each beam and will be repolarized ac-
cording to which beam it goes into, for-
getting its original polarization. The
most random behavior occurs when the
photon is polarized halfway between
these two directions, that is, at 45 or
135 degrees. Such photons are equally
likely to go into either beam, revealing
nothing about their original polariza-
tion and losing all memory of it.

Suppose Bob is told in advance that
a given photon is polarized in one of
the two “rectilinear” directions, vertical
(90 degrees) or horizontal (0 degrees)
without being informed of the specific
polarization. Then he can reliably tell
which direction by sending the photon
into an apparatus consisting of a verti-
cally oriented calcite crystal and two de-
tectors, such as photomultiplier tubes,
that can record single photons. The cal-
cite crystal directs the incoming photon
to the upper detector if it was horizon-
tally polarized and to the lower detector
if it was vertically polarized. Such an ap-
paratus is useless for distinguishing di-
agonal (45- or 135-degree) photons, but

!

VERTICALLY POLARIZED LIGHT

*Il

VERTICAL POLARIZING FILTER

UNPOLARIZED LIGHT enters a filter, which absorbs some of
the light and polarizes the remainder in the vertical direction.

these can be reliably distinguished by
a similar apparatus that has been rotat-
ed 45 degrees from the original orienta-
tion. The rotated apparatus, in turn, is
useless for distinguishing vertical from
horizontal photons. According to the
uncertainty principle, these limitations
apply not just to the particular measur-
ing apparatus described here but to
any measuring device whatsoever. Rec-
tilinear and diagonal polarizations are
complementary properties in the sense
that measuring either property neces-
sarily randomizes the other.

We can now describe the simple
scheme for quantum key distribution
that two of us (Bennett and Brassard)
proposed in 1984 and that we dubbed
“BB84.” The purpose of the scheme is
for Alice and Bob to exchange a secret
random key that they can subsequently
use, as in the Vernam cipher, to send
meaningful secret messages when the
need arises. Like other quantum key dis-
tribution schemes, BB84 uses a quan-
tum channel, through which Alice and
Bob send polarized photons, in con-
junction with a classical public chan-
nel, through which they send ordinary
messages. An eavesdropper, whom we
shall call Eve, is free to try to measure
the photons in the quantum channel,
but, as noted above, she cannot in gen-
eral do this without disturbing them.
Furthermore, she learns the entire con-
tents of messages sent through the pub-
lic channel but assume for the moment
that she could not disturb or alter these
messages even if she wanted to.

lice and Bob use the public chan-

nel to discuss and compare the
signals sent through the quan-

tum channel, testing them for evidence
of eavesdropping. If they find none,

they can distill from their data a body

LIGHT
POLARIZED
AT ANGLE 6

e

A second filter tilted at some angle absorbs some of the polar-
ized light and transmits the rest, giving it a new polarization.

SCIENTIFIC AMERICAN October 1992 53

© 1992 SCIENTIFIC AMERICAN, INC



of information that is certifiably shared,
random and secret, regardless of Eve’s
technical sophistication and the com-
puting power at her disposal [see box
on opposite page]. The scheme works
as follows:

First, Alice generates and sends Bob
a sequence of photons whose polariza-
tions she has chosen at random to be
either 0, 45, 90 or 135 degrees. Bob re-
ceives the photons and, for each photon,
decides randomly whether to measure
its rectilinear or diagonal polarization.

LI n

HORIZONTALLY
POLARIZED |
PHOTONS

CALCITE
CRYSTAL

VERTICALLY
POLARIZED
PHOTONS

DIAGONALLY
POLARIZED
PHOTONS

Next Bob announces publicly, for
each photon, which type of measure-
ment he has made (rectilinear or diago-
nal) but not the measurement result
(for example, 0, 45, 90 or 135 degrees).
Alice tells him publicly, for each photon,
whether he has made the right kind of
measurement. Alice and Bob then dis-
card all cases in which Bob has made
the wrong measurement or in which
his detectors have failed to register a
photon at all (existing detectors are not
100 percent efficient). If no one has

CALCITE CRYSTAL can be used to distinguish between horizontally and vertical-
ly polarized photons. Horizontally polarized photons pass straight through, where-
as vertically polarized photons are deflected. When diagonally polarized photons
enter the crystal, they are repolarized at random in either the vertical or horizontal

direction and are shifted accordingly.
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eavesdropped on the quantum channel,
the remaining polarizations should be
shared secret information between Al-
ice and Bob.

Alice and Bob next test for eavesdrop-
ping, for example, by publicly compar-
ing and discarding a randomly select-
ed subset of their polarization data.
If the comparison test shows evidence
of eavesdropping, Alice and Bob dis-
card all their data and start over with
a fresh batch of photons. Otherwise
they adopt the remaining polarizations,
which have never been publicly men-
tioned, as shared secret bits, interpret-
ing horizontal or 45-degree photons as
binary 0’s and vertical or 135-degree
photons as binary 1’s.

Because of the uncertainty princi-
ple, Eve cannot measure both recti-
linear and diagonal polarizations of
the same photon. If, for a particular
photon, she makes the wrong measure-
ment, then, even if she resends Bob a
photon consistent with the result of
her measurement, she will have irre-
trievably randomized the polarization
originally sent by Alice. The net effect
is to cause errors in one quarter of the
bits in Bob’s data that have been sub-
jected to eavesdropping.

irectly comparing selected bits
D to test for errors, as described

above, is not very efficient: too
many bits must be sacrificed in order to
build reasonable confidence that Alice’s
and Bob’s data are identical, especially
if the eavesdropping has been rather in-
frequent, resulting in only a few errors.
A much better idea is for Alice and Bob
to compare the “parity”—evenness or
oddness—of a publicly agreed-on ran-
dom subset containing about half the
bits in their data. For instance, Alice
could tell Bob, “I looked at the 1st, 3rd,
4th, 9th,...996th and 999th of my 1,000
bits of data, and they include an even
number of 1's.” Bob would then count
the number of 1’s that he has in those
same locations. If he finds an odd num-
ber of 1’s, he can immediately conclude
that his data are different from Alice’s.
It can be shown that if Alice’s and Bob’s
data differ, comparing the parity of a
random subset will detect that fact with
a probability of 1/,, regardless of the
number and location of errors. It suf-
fices to repeat the test 20 times, with
20 different random subsets, to reduce
the chance of an undetected error to
less than one in a million.

The BB84 scheme was modified to
produce a working quantum cryptog-
raphy apparatus at IBM |[see illustration
on pages 56 and 57]. The modifications
were necessary to deal with practical
problems such as noise in the detec-



tors and the fact that the prototype
uses dim flashes of light instead of sin-
gle photons.

The quantum channel, with Alice’s
sending apparatus at one end and Bob’s
receiving apparatus at the other, is
housed in a light-tight box. During op-
eration, the system is controlled by a
personal computer, which contains sep-
arate software representations of Alice,
Bob and, optionally, Eve.

The leftmost part of Alice’s sending
apparatus consists of a green light-emit-
ting diode, a lens, a pinhole and filters
that provide a collimated beam of hor-
izontally polarized light. Next, electro-
optic devices known as Pockels cells are
used to change the original horizontal
polarization to any of four standard po-
larization states under Alice’s control.
This has the same effect as mechanical-
ly rotating her polarizing filter into four
different positions, but the process can
be done much faster.

At the other end of the quantum
channel, Bob’s receiving apparatus con-
tains a similar Pockels cell, which allows
him to choose the type of polarization
he will measure, again without actually
rotating his detecting device. After the
beam passes through Bob’s Pockels cell,
it is split by a calcite prism into two per-
pendicularly polarized beams, which are
directed into two photomultiplier tubes
for the purpose of detecting individu-
al photons.

The sending and receiving appara-
tuses in the prototype are only about
30 centimeters apart—chiefly because
of the desire to keep the device of rea-
sonable dimensions for a desktop—but
nothing in principle prevents the tech-
nique from being used over much great-
er distances. For example, quantum
transmissions could be sent through
several kilometers of optical fiber. If
cost and inconvenience were no con-
cern, quantum transmissions could be
sent over arbitrarily great distances with
negligible losses through an evacuated
straight pipe. But quantum key distri-
bution has to compete with classical
techniques, which are much cheaper
over long distances and may be suffi-
ciently secure.

Recall that the BB84 scheme encodes
each bit in a single polarized photon.
In contrast, the prototype encodes each
bit in a dim flash of light. This introduc-
es a new eavesdropping threat to the
system: if Eve taps into the beam by a
device such as a half-silvered mirror,
she will be able to split each flash into
two flashes of lesser intensity, reading
one herself while letting the other pass
to Bob, its polarization undisturbed. If
Eve diverts only a modest fraction of the
beam, Bob may not notice the weaken-

Quantum Key Distribution

Bob, to exchange a secret key. The system includes a transmitter

and a receiver. Alice uses the transmitter to send photons in one of
four polarizations: 0, 45, 90 or 135 degrees. Bobs uses the receiver to
measure the polarization. According to the laws of quantum mechanics,
the receiver can distinguish between rectilinear polarizations (0 and 90), or
it can quickly be reconfigured to discriminate between diagonal polariza-
tions (45 and 135); it can never, however, distinguish both types. The key
distribution requires several steps. Alice sends photons with one of four

ﬁ quantum cryptographic system will allow two people, say, Alice and

polarizations, which she has chosen at random.

| Z—X——7 | |
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For each photon, Bob chooses at random the type of measurement: either
the rectilinear type (+) or the diagonal type (x).

Bob records the result of his measurement but keeps it a secret.

| —/ N\ —
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Bob publicly announces the type of measurements he made, and Alice tells
him which measurements were of the correct type.

v

VA,

VY

Alice and Bob keep all cases in which Bob measured the correct type. These
cases are then translated into bits (1’s and 0’s) and thereby become the key.

| N\ —

ing of his signal, or he may attribute it
to natural losses in the channel. This at-
tack can be effectively thwarted, at the
cost of reducing the rate of data trans-
mission through the quantum channel,
by having Alice send very dim flashes—
that is, an intensity of less than one
photon per flash on average. Such ex-
tremely dim flashes can easily be made
by filtering out almost all the intensity
of a bright flash.

When low-intensity flashes are used,
Bob’s chance of detecting a photon in
any given flash is of course proportion-
ately reduced, but the chance of Bob
and Eve both detecting photons in the
same flash is reduced even more, as
the square of the intensity. The actual
apparatus generates intensities of about
one tenth of a photon per flash. On the

/o

other hand, if Alice’s flashes were much
brighter (say, thousands of photons per
flash), they would be easy prey for the
beam-splitting attack. By splitting off
only a small fraction of the intensity,
Eve could still obtain enough photons
from each flash to perform both recti-
linear and diagonal measurements and
so determine the polarization unam-
biguously. In other words, the bright-
er Alice’s flashes, the more they be-
have like classical signals, about which
an eavesdropper can gain complete in-
formation while introducing negligible
disturbance.

Another practical problem arises
from the fact that available detectors
sometimes produce a response even
when no photon has arrived. Such “dark
counts” and other imperfections in the
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QUANTUM SYSTEM can distribute information in perfect se-
crecy. The transmitter produces faint flashes of green light
from a light-emitting diode. The pinhole, lens and filter create
a collimated beam of dim flashes. The light is then polarized
horizontally. Two Pockels cells change the polarization to 0,

apparatus lead to errors even when
there has been no eavesdropping and
make it impractical for Alice and Bob
simply to reject their data whenever
they find an error in them, as is done
in the ideal BB84 protocol. If Bob and
Alice find a small number of errors,
they must devise a way to correct them
and proceed. On the other hand, if they
find a large number, indicating signifi-
cant eavesdropping, they must reject
their data and start over.

variety of techniques are avail-
able for Alice and Bob to cor-
rect a small number of errors
through public discussion, such as the
use of error-correcting codes. But these
techniques potentially leak information
to Eve, who may be listening to the
public discussion. Therefore, after the
quantum transmission and the error-
correcting discussion, Alice and Bob
find themselves with what might be
thought of as an impure key, a shared
body of data that is only partly se-
cret. Information on that key may have
leaked to Eve at several stages. She may
have gained information by splitting
some flashes, by directly measuring oth-
ers (she cannot do this too often, as
it causes errors in Bob’s data) and by
listening to the public discussion be-
tween Alice and Bob. Fortunately, Alice
and Bob, because they know the inten-
sity of the light flashes and the num-
ber of errors found and corrected, can
estimate how much information might
have leaked to Eve through all these
routes.

In itself, such an impure key is almost
worthless. If it were used as a key for
the Vernam cipher, for example, it might
prove very insecure if the most im-
portant part of the message happened
to coincide with a part of the key the
eavesdropper knew. Fortunately, two of
us (Bennett and Brassard), in collabora-
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tion with Jean-Marc Robert (then a stu-
dent of Brassard), developed a mathe-
matical technique known as privacy am-
plification. Using this technique, Alice
and Bob, through public discussion, can
take such a partly secret key and distill
from it a smaller amount of highly se-
cret key, of which the eavesdropper is
very unlikely to know even one bit. The
essential idea of privacy amplification is
for Alice and Bob, after the eavesdrop-
ping has taken place, to choose publicly
a length-reducing transformation to ap-
ply to their impure key so that partial
information about the input conveys
almost no knowledge of the output.

For example, if the input consists of
1,000 bits about which Eve knows at
most 200 bits, Alice and Bob can distill
nearly 800 highly secret bits as output.
Fairly simple techniques can be shown
to suffice, and Alice and Bob do not
even need to know which partial infor-
mation the eavesdropper might have
about the input in order to choose a
function about whose output Eve has
almost no information. In particular, it
suffices for Alice and Bob to define each
bit of the output as the parity of an in-
dependent, publicly agreed-on random
subset of the input bits, very much as
they had done to gain high confidence
that their raw quantum data were iden-
tical (except that now they keep the
parity secret instead of publicly com-
paring it).

r I Yhe problem of key security is not
entirely solved by secure key dis-
tribution. Another weak point is

key storage. Once Alice and Bob have

established the key, they must store it
until it is needed. But the longer they
keep the key in, say, their secret safe,
the more vulnerable it is to unautho-
rized inspection. Although principles of
engineering may make the safe difficult
to crack, the laws of physics always pro-
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QUANTUM CHANNEL RECEIVE
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45, 90 or 135 degrees. The polarized light flashes are released
from the transmitter and eventually reach the receiver. There
another Pockels cell shifts the polarization by either 45 de-
grees or not at all. The action of this Pockels cell allows the re-
ceiver to choose between measuring rectilinear or diagonal

vide the possibility of a security breach.
Surprisingly, a cryptosystem can be de-
signed that can guarantee the security
of both key distribution and storage by
employing quantum correlations. The
cryptosystem is based on David Bohm'’s
version of the famous Einstein-Podol-
sky-Rosen (EPR) effect [see “The Quan-
tum Theory and Reality,” by Bernard
d’Espagnat; SCIENTIFIC AMERICAN, No-
vember 1979].

The EPR effect occurs when a spheri-
cally symmetric atom emits two pho-
tons in opposite directions toward two
observers, Alice and Bob. The two pho-
tons are produced in an initial state of
undefined polarization. But because of
the symmetry of the initial state, the po-
larizations of the photons, when mea-
sured, must have opposite values, pro-
vided that the measurements are of the
same type. For example, if Alice and
Bob both measure rectilinear polariza-
tions, they are each equally likely to
record either a O (horizontal polariza-
tion) or a 1 (vertical), but if Alice ob-
tains a 0, Bob will certainly obtain a 1,
and vice versa.

The unusual and important aspect of
the EPR effect is that the polarization
of both photons is determined as soon
as, but not before, one of the photons
is measured. This happens no matter
how far apart the photons may be at
the time. This “classical” explanation of
the EPR effect is somewhat counterin-
tuitive, and indeed all classical expla-
nations of the EPR effect involve some
implausible element, such as instantane-
ous action at a distance. Yet the math-
ematical formalism of quantum me-
chanics accounts for the EPR effect in
a straightforward manner, and experi-
ments have amply confirmed the exis-
tence of the phenomenon.

Employing the EPR effect, one of us
(Ekert) recently devised a cryptosystem
that guarantees the security of both
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polarization. In the rectilinear case, a
horizontally polarized photon will be di-
rected toward the right photomultiplier;
a vertically polarized photon will be di-
rected toward the left photomultiplier.

key distribution and key storage. In a
simplified version of this system, as
described by N. David Mermin of Cor-
nell University, Alice generates a num-
ber of EPR photon pairs, keeping one
member of each pair for herself while
sending the other to Bob. Alice and Bob
measure some of their photons imme-
diately to test for eavesdropping but
store the remainder without measuring
them. Then, just before the key is need-
ed, they measure and compare some of
the stored photons. If no one has tam-
pered with the photons in storage, Bob
will always obtain 1 when Alice obtains
0, and vice versa. If no discrepancies
are found, Alice and Bob measure the
remaining stored photons to obtain the
desired key.

Although this procedure works in
theory, it cannot be used in practice
because of the technical infeasibility
of storing photons for more than a
small fraction of a second. Thus, at
present, the EPR effect is not a practi-
cal means for certifying the security of
key storage.

Ithough the best-known applica-
Ation of cryptography is secret
communication, two other ap-
plications are probably more important
in peacetime. The first is authentication:
certifying that a message is from whom
it says it is from and has not been al-
tered in transit. The second is the task
of maintaining the confidentiality of pri-
vate information while it is being used
to reach public decisions.

For most of recorded history, au-
thentication has depended on physi-
cal objects that are hard to copy, such
as seals and signatures. Such devices
provide limited security, and they can-
not be used at all for digital electronic
documents, such as bank transactions,
which are often transmitted over inse-
cure telecommunications lines.

Fortunately, several mathematical
techniques are available for authenti-
cating digital messages. In 1979 Mark
N. Wegman and J. Lawrence Carter of
IBM discovered a digital authentica-
tion scheme that does provide prov-
able security. Like the Vernam cipher,
it requires that the sender and receiv-
er possess beforehand a shared secret
key, part of which is used up each time
a message is authenticated.

Wegman-Carter authentication and
quantum key distribution can each ben-
efit the other. On the one hand, the
quantum technique supplies the se-
cret key bits consumed by the authen-
tication method. On the other, Weg-
man-Carter authentication can be used
to conduct quantum key distribution
successfully even in the presence of a
more powerful adversary, that is, some-
one who could alter the public channel
messages as well as listening to them.

Quantum cryptography may also
prove useful for protecting private in-
formation while it is being used to make
public decisions. The classic example
of such discreet decision making is the
“dating problem,” in which two singles
seek a way of making a date if and only
if each likes the other, without disclos-
ing any further information. For exam-
ple, if Alice likes Bob, but Bob does not
like Alice, the date should be called
off without Bob’s finding out that Alice
likes him (on the other hand, it is logi-
cally unavoidable for Alice to learn that
Bob does not like her, because if he did
the date would be on).

There are many other situations in
which joint decision making between
corporate or governmental organiza-
tions or between an individual and an
organization depends on confidential
information that the negotiating parties
would rather not disclose in full [see
“Achieving Electronic Privacy,” by David
Chaum; SCIENTIFIC AMERICAN, August].
A discreet solution to the dating prob-
lem, or any other joint decision depend-
ing on private data, can be obtained by
having Alice and Bob confide their pri-
vate data to a trusted intermediary (Eve,
for example) and letting her make the
decision. The hazards of this approach
are obvious: Alice and Bob must trust
Eve both to make the decision correct-
ly in the first place and never to reveal
the private data.

Various other techniques allow pub-
lic decisions based on private inputs
to be made without a single trusted in-
termediary. For example, a successful
protocol can be set up among many
participants that will fail only if a major-
ity of the participants conspire to spoil
the output or reveal the inputs. On the
other hand, if two parties believe in the

security of public-key cryptosystems,
they can make decisions discreetly with-
out any intermediary. In 1982 Andrew
C.-C. Yao, then at Stanford University,
was one of the first to investigate this
problem.

Recently Claude Crépeau of the Ecole
Normale Supérieure and CNRS and his
student Marie-Héléne Skubiszewska, in
collaboration with two of us (Bennett
and Brassard), have shown that a quan-
tum apparatus similar to the one al-
ready built for key distribution can be
used to make joint decisions discreet-
ly without intermediaries and without
unproved mathematical assumptions.
Discreet decision making can be imple-
mented by repeated application of a cu-
rious information-processing procedure
called oblivious transfer. The procedure
is a version of Wiesner’s feat of send-
ing two messages in such a way that
the receiver can read either one but not
both. In 1981 Michael O. Rabin of Har-
vard University formalized the notion
of oblivious transfer, unaware of Wies-
ner’s pioneering but unpublished work
a decade earlier. Later, Crépeau, Joe Kil-
ian, then at the Massachusetts Institute
of Technology, and others demonstrat-
ed that oblivious transfer could be ap-
plied to discreet decision making.

One particularly attractive feature of
discreet quantum decision making is
that, unlike key distribution, it is worth-
while even over short distances. Unfor-
tunately, known implementations are
mathematically rather inefficient, re-
quiring many thousands of photons to
be sent and received to reach even sim-
ple decisions. If its mathematical effi-
ciency can be sufficientlyimproved, dis-
creet decision making may become the
most important application of quantum
cryptography.
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Mountain Sickness

The varied and subtle symptoms of this potentially
lethal disorder humble many who scale the summits.
But the problem is often preventable

n New Year’s Eve in 1960, I re-
ceived a call from a young man
who had left his sick compan-
ion high in the mountains near Aspen,
Colo., to ski out for help. A rescue party
was assembled, and the following eve-
ning the patient was brought to a hos-
pital for treatment of what I anticipat-
ed from his friend’s description of the
problem would be pneumonia. Instead
the young man had an accumulation of
fluid in both lungs that was unlike the
inflammation seen in pneumonia.
Since this finding was unusual, a dis-
tinguished cardiologist urged me to
publish my observations. The resulting
short article in the New England Journal
of Medicine brought hundreds of let-
ters describing similar altitude-related
illnesses that had been characterized
as pneumonia. The discovery of what
seemed to be a new form of mountain
sickness—subsequently named high-
altitude pulmonary edema—quickened
my long-standing interest in mountain
climbing and the medical problems as-
sociated with high altitudes. In 1936, as
a medical resident, I had accompanied
a team of climbers to the Himalayas
where I had seen, but failed to recog-
nize, my first case of altitude sickness.
High-altitude pulmonary edema and
other symptoms of illness produced by
high altitudes cause significant medi-
cal problems. Today record numbers of
people visit mountains to climb, ski,
walk or simply vacation. In recent years
rapid transportation and better equip-

CHARLES S. HOUSTON is a physician ‘
who has loved mountains ever since his
first alpine ascent in 1925. In 1936 he
climbed in the Himalayas, and in 1938
he led the first American expedition to
K2 (at 28,251 feet). After receiving his
M.D. from Columbia University, Houston
entered the U.S. Navy, where he served
as a flight surgeon, specializing in high
altitude. Houston, who taught internal
medicine at the University of Vermont,
continues his altitude-related research.

by Charles S. Houston

ment have made mountain climbing
more popular. Between 1903 and 1912,
for instance, only 42 climbers attempt-
ed to reach the summit of 20,400-foot
Mount McKinley in Alaska. None was
successful. Between 1988 and 1990,
2,923 attempted the climb; 1,659 made
it. Accordingly, the number of victims
of high-altitude pulmonary edema and
associated illnesses has increased. Four-
teen percent of the fatalities on Mount
McKinley have been attributed to alti-
tude sickness.

Mountain sickness is caused primar-
ily by a lack of oxygen, or hypoxia. At-
mospheric pressure decreases as one
moves away from sea level, and be-
cause the percentage of oxygen in air
remains constant, the concentration of
oxygen is decreased. Lower levels of
oxygen initiate a series of potentially
fatal physiological changes.

Yet prolonged exposure to altitude or,
conversely, to sea-level conditions that
cause a lack of oxygen may produce ad-
justments called acclimatization. This
process enables people to survive with
levels of oxygen that would otherwise
cause serious problems. Understanding
the many dangers of hypoxia, the dif-
ferent forms of altitude illness and the
process of acclimatization is crucial to
safety on the stunning mountains that
crown the earth.

Ithough only recently defined as a
form of altitude sickness, pul-
monary edema at high altitudes

is far from new. In A.D. 403 a Chinese
archivist, Hui Jiao, traveled the Silk
Route and recorded his traveling com-
panion’s illness: “The wind was chilling
to the bones on the shady north side of
the Lesser Snowy Mountains. Hui Jing
was in a serious condition, frothing at
the mouth, losing his strength rapidly
and fainting away now and then. Finally
he dropped dead on the snowy ground.”
One hundred and fifty years later
Mogul chieftain Mirza Muhammad Hai-
dar described the often devastating
condition that affected his troops cam-
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paigning on the Tibetan Plateau (at
13,000 to 15,000 feet). The symptoms
ranged from weakness and shortness of
breath to hallucinations, culminating in
coma and often death. At the end of the
16th century, Jesuit priest José Acosta
wrote a similar description while he was
crossing a high pass in the Andes.

Hui Jiao, Haidar and Acosta could
not know what caused this illness, be-
cause the nature of the earth’s atmo-
sphere was not understood until the
mid-17th century. At that time, a series
of experiments conducted by Gaspar
Berti, Evangelista Torricelli and Florin
Périer showed that the atmosphere did
have weight and that its pressure de-
creases as the altitude increases.

In the 18th century people began
climbing mountains for pleasure, and
physicians started to define clinically
the physiological effects of lowered at-
mospheric pressure. In 1786 climbers
ascended Mont Blanc, the highest peak
in Europe at 15,771 feet. During the
next decade, Horace-Bénédict de Saus-
sure described how his heart and respi-
ration were affected by altitude. Soon
oxygen was identified, and its impor-
tance for supporting life as well as com-
bustion was demonstrated. But the con-
nection between hypoxia and mountain
sickness remained unrecognized.

The golden age of alpine climbing
began in the 1850s, when British doc-
tor Albert Smith undertook a career
lecturing about his ascent of Mont
Blanc. Thousands of people went into
the mountains, and in the next three
decades all the alpine summits were
reached. A few explorers turned to the
Himalayas and the Andes. Balloons, first
flown a century before, also became
fashionable, and the daring went high
enough to suffer from altitude.

MOUNTAINEER tackles Mount Fitzroy
(at 11,070 feet) in Patagonia. By ascend-
ing slowly and allowing for acclimati-
zation, experienced climbers can avoid
some of the perils of mountain sickness.
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The words “mountain sickness” be-
gan to appear in the popular and medi-
cal literature. Stories, often exagger-
ated, described the symptoms that
plagued climbers and some animals,
but there was little agreement about
their cause. Failure to mention the mis-
erable effects often raised doubts that
a summit had been reached.

In the last decades of the 19th centu-
ry, the work of two physicians clarified

the relation between thin air and moun-
tain sickness. Paul Bert conducted stud-
ies at simulated altitudes in an iron de-
compression chamber and measured
the carriage of oxygen by hemoglobin.
After showing that blood contained less
oxygen at altitude than it did at sea lev-
el, he took himself to a simulated 21,-
000 feet—while breathing oxygen from
a leather bag. Because no symptoms ap-
peared, he concluded that lack of oxy-

gen, rather than lack of pressure, caused
mountain sickness.

Bert’s contemporary, Angelo Mosso,
studied men on top of 15,203-foot
Monte Rosa in Italy as well as in a de-
compression chamber. He too decided
that hypoxia caused mountain sickness
but argued that the lack of carbon diox-
ide resulting from overbreathing was
more important.

The imperatives of aviation during

Some of the Physiological Effects of Hypoxia

SEA LEVEL ALTITUDE

SEA LEVEL 15,000-17,000 FEET

At altitude, blood flow to the brain in-
creases, creating an accumulation of
fluid. The resulting pressure can lead to
headache and can impede judgment.

At altitudes above 15,000 feet, veins
and arteries in the retina can double in
size, and small hemorrhages can occur.

ALVEOLUS

As a result of hypox-
ia, fluid accumulates
in the membranes of
the alveoli. Over time
the fluid can seep in-
to the alveoli, pre-
venting oxygen from
entering the blood
and causing the pa-
tient to drown.

Decreasing levels of carbon dioxide
caused by overbreathing make blood
more alkaline. The kidneys then re-
move bicarbonate, a base, returning
blood to its normal pH.

SEA LEVEL ALTITUDE

At high altitudes, the hormone erythropoietin
stimulates the production of red blood cells.
Excessive amounts of red cells, however, can y/ £ : |
impede oxygen flow to tissue and cause clotting. NG 7 N\

Failure of the sodium (Na) pump at alti-
tude causes cells to lose excessive
amounts of potassium (K), disturbing their
water balance and generating edema.
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the two world wars and a growing inter-
est in mountain sports increased peo-
ple’s understanding of hypoxia. Studies
showed that there are several differ-
ent forms of mountain sickness—one
an unpleasant, but minor problem, oth-
ers more serious and potentially fatal.
Symptoms depend on which parts of
the body are most susceptible.

The brain is extremely vulnerable.
On average, the human brain receives
10 to 15 percent of the heart’s output
and uses 15 to 20 percent of the oxy-
gen consumed by the body. The cere-
bral cortex, where the most complex
mental activity takes place, is the most
demanding region. It is not surprising,
then, that hypoxia affects the higher
centers of the brain first, including judg-
ment. Indeed, the effects of hypoxia re-
semble those of alcohol.

Headache is the most prominent
symptom of mountain sickness, but its
cause remains unclear. One explanation
may lie in the response of a sensitive
membrane called pia mater, which cov-
ers brain tissue and blood vessels. As
arterial oxygen levels fall, blood flow to
the brain increases. Consequently, dis-
tended vessels or swollen brain tissue
may press on the surrounding mem-
branes, causing headache. At the same
time, the lack of oxygen stimulates in-
creased breathing, which pumps carbon
dioxide out of the lungs and blood. Low-
ered carbon dioxide, in turn, causes a
decrease in blood flow to the brain.

Whether blood flow to the brain ulti-
mately increases or decreases depends
on the balance between hypoxia and
hypocapnia (decreased carbon dioxide)
as well as on the sensitivity of the re-
ceptors that govern blood flow. This
sensitivity varies from individual to in-
dividual, which may explain why re-
ports of the severity of headache differ
so greatly and why studies of cerebral
blood flow at altitude often produce
contradictory results. The nausea, vom-
iting and disturbed sleep so typical of
mountain sickness may be the result
of altered blood flow to the midbrain,
where these functions are controlled.

Hearing, smell and taste are not af-
fected by altitude, but appetite usual-
ly decreases, in time leading to weight
loss. It is unclear whether such loss

(26,545 feet) in Nepal

results from malabsorption or simply
from a smaller caloric intake.

Clearly, the effects of hypoxia are
quite varied. The signs and symp-
toms differ depending on the altitude
reached, the speed of ascent and other
influences. What may seem a rather un-
pleasant but mild illness can change
rapidly to one that is life-threatening.
Not uncommonly, for example, a visi-
tor to a mountain resort will feel a
headache and general malaise and will
soon develop shortness of breath and
a cough. These symptoms can lead to
coma or hallucinations and, if not cared
for properly, death.

Ithough these symptoms form
a continuum, for convenience I
will describe them as separate
entities. The most common form of ill-
ness is called acute mountain sickness,
and it affects a quarter of the visitors
to mountain resorts. The signs are usu-
ally those described above: headache,
nausea, vomiting, anorexia and lassi-
tude. Seldom fatal, acute mountain sick-
ness can become serious.

The affliction of my patient in As-
pen, high-altitude pulmonary edema, is
less frequent but more dangerous than
acute mountain sickness. Studies have
shown that most people going to even
moderate altitudes, such as 8,000 feet,
develop some fluid in the tissue that
separates the alveoli, or air sacs, from
the capillary blood vessels. This fluid is
usually promptly reabsorbed.

If the fluid accumulates within the al-
veoli, however, passage of oxygen from
lung to blood is impaired. At this point,
hypoxia worsens, and more fluid leaks
into the air sacs. The victim can literal-
ly drown in his or her own juices. The
symptoms are increasing shortness of
breath and an irritating cough that pro-
duces frothy, blood-tinged sputum.

More serious than high-altitude pul-
monary edema is high-altitude cere-
bral edema. In this form of sickness,
which can occur at heights as low as
9,000 feet, the central nervous system
is affected: parts of the brain become
waterlogged. Early warning signs in-
clude ataxia, manifested by a stagger-
ing drunken walk or by difficulty in per-
forming fine-motor skills. These chang-

Mount Everest

Silver Hut
expeditionin
Himalayas studies
acclimatization

Ascent of Mount
Everest (29,029 feet)

es are attributed to swelling of the
cerebellum, the area of the brain that
controls balance. Mental confusion and
hallucinations are also common. If un-
treated, cerebral edema can cause death.

At the end of the physiological con-
tinuum lies chronic mountain sickness,
an uncommon problem affecting a few
people who live permanently above 12,-
000 feet. Victims experience fatigue, pal-
pitations, chest pain and swelling of the
ankles, and they develop an overabun-
dance of red cells and blood clots in
their veins and lungs. Going to low alti-
tude corrects the often fatal affliction.

Above heights of 10,000 feet, chang-
es can also occur in the eyes. Because
the large supply of oxygen that the
rods require is no longer readily avail-
able, vision in dim light is decreased by
50 percent. In addition, above 14,000
feet people may develop tiny bleeding
spots in back of their eyes. These reti-
nal hemorrhages are usually unnoticed.
Researchers have been unable to deter-
mine whether the hemorrhages have
prognostic or diagnostic importance.
Some believe they reflect bleeding else-
where in the body, a rather unattractive
thought for climbers. Those who con-
tend that repeated or prolonged expo-
sure to severe hypoxia may leave per-
manent brain damage blame it on simi-
lar bleeding in the brain.

Intricate, seemingly contradictory
changes take place as the body re-
sponds to hypoxia. The depth and rate
of breathing increase, bringing more
air deep into the lungs, raising alveolar
oxygen pressure and reducing blood
levels of carbon dioxide. This response,
however, creates a crisis. Hypoxia can
and must be relieved by hyperventila-
tion. Yet the pH of the body must also
be maintained. Because this balance is
brought about by preserving a certain
concentration of carbon dioxide, hyper-
ventilation threatens homeostasis.

Faced with this dilemma, the body
compromises by increasing respiration
enough to elevate alveolar oxygen and
by excreting bicarbonate to offset the
alkalosis caused by dwindling blood
levels of carbon dioxide. Success in bal-
ancing these two conflicting demands
determines the effectiveness of acclima-
tization as well as whether or not an in-
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The Spectrum of Altitude Sickness

—12,000
FEET

—11,000

Chronic mountain sickness affects people
who lose their tolerance to high altitude or
who fail to acclimatize. It is characterized by
fatigue and chest pain as well as by an in-
crease in red blood cell count and, some-
times, heart failure. Chronic mountain sick-
ness can be alleviated by descent to sea level.

High-altitude cerebral edema can occur at
9,000 feet but is much more common at al-
titudes above 10,000 feet. Characterized by
mental confusion, hallucinations and drunk-
enlike walking, high-altitude cerebral edema
often develops within 36 hours after arrival
at high altitude.

High-altitude pulmonary edema routinely
occurs above 9,000 feet, although it afflicts
some people at lower altitudes. The symp-
toms—including shortness of breath, severe
cough, blood-tinged sputum, headache,
lethargy and mild fever—usually develop
after 36 or 72 hours at altitude.

Acute mountain sickness affects 15 to 17
percent of people who climb to 8,000 feet or
higher too rapidly. It is characterized by
headache, fatigue, shortness of breath, dis-
turbed sleep and, sometimes, nausea. The
illness rarely requires any treatment other
than descent.

dividual is stricken with altitude illness.
The dual control of breathing caus-
es an interesting phenomenon—an ir-
regular fluctuation as control shifts be-
tween centers in the midbrain respon-
sive to carbon dioxide and blood pH
and the carotid bodies, small collections
of cells in the neck that are sensitive
to oxygen. The result is an erratic pat-
tern called periodic, or Cheyne-Stokes,
breathing that is common above 9,000
feet and universal at higher altitudes.
Typically a period of rapid, increasingly
deep breathing is followed by shallow-
er breathing until breathing stops com-
pletely for an alarming time (between
eight to 10 seconds), before the cycle
repeats. Periodic breathing is more pro-
nounced during sleep, and so average
oxygenation falls when one is asleep.
Another early response to hypoxia
is an increase in heart rate and stroke
volume, which propels more oxygen-
ated blood throughout the body. Con-
currently, there is a temporary shift of
fluid from blood into tissues, concen-
trating hemoglobin and thus enabling
the heart to deliver more oxygen in
each stroke. The increased cardiac out-
put subsides in a week or so, but the in-
creased ventilation persists for the most

part throughout the stay at altitude.

Production of red blood cells is stim-
ulated by an immediate increase in
erythropoietin—a hormone that acts on
bone marrow. Other primary or sec-
ondary changes occur in many hormon-
al systems and in the activity of the
sympathetic nervous system. There is
little doubt that hypoxia also disturbs
electrolyte and water balance. It leads
to vasoconstriction, water retention
and changes in the permeability of cell
membranes as well as disturbed kidney
function.

‘ ‘ I hile we understand many of
the changes the body goes
through in its response to fall-

ing concentrations of oxygen, puzzles

remain—particularly on the cellular lev-
el. The precise pathophysiology of hy-
poxia has yet to be fully explained.
One theory holds that hypoxia caus-
es a reversible breakdown in the func-
tion of an energy-intensive ion chan-
nel called the sodium pump. This pump
maintains normal levels of sodium and
potassium within each cell. Because the

sodium pump uses as much as 20

percent of the body’s total oxygen up-

take, it is not surprising that it may
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falter when oxygen is in short supply.

According to this theory, when the
system falters, sodium accumulates
within the cell and potassium leaks
out, disturbing water balance and caus-
ing edema. The cells in which the pump
fails most dramatically are the ones
most affected by hypoxia. This failure
in turn affects which form of altitude
sickness develops. Recent studies also
suggest that calcium channels are al-
tered by hypoxia, and it may be that
the failure of still other pump systems
contributes to mountain sickness.

For reasons that remain unclear, hy-
poxia also seems to increase the con-
tractility of the small arterioles in the
lungs. This resistance causes an in-
crease in pulmonary artery pressure.
Consequently, the vessels become dis-
tended, stretching the endothelial lining
and bringing about the release of bio-
logically active substances, called eico-
sanoids, or kinins. Some eicosanoids
increase vascular leakiness and platelet
agglutination, or clumping, whereas oth-
ers decrease these effects. The strength
of the response determines whether or
not lung edema results.

Increased pressure in the pulmonary
arteries is also thought to stretch and
even to rupture the tight junctions be-
tween endothelial cells. Together with
the action of eicosanoids, the widened
junctions permit leakage of plasma and
red blood cells into the interstitial and
alveolar spaces. This chain of events
could explain why high-altitude pulmo-
nary edema is so different from the ede-
ma caused by toxic substances, heart
failure or injury—in these cases, the
membranes of capillaries and alveoli are
damaged, but pulmonary artery pres-
sure is not increased.

Unlike the cellular changes accom-
panying high-altitude pulmonary ede-
ma, the mechanisms underlying cere-
bral edema are elusive. Brain scans of
patients have shown both generalized
and local swelling. But these findings
have been unsuccessful at linking path-
ology to symptoms. Autopsies have
shown generalized edema, scattered
small hemorrhages and large clots.

High-altitude residents who acquire
chronic mountain sickness have a blunt-
ed ventilatory response to lack of oxy-
gen and are thus more hypoxic. In ad-
dition, erythropoietin seems to work
overtime, creating a proliferation of red
blood cells. Together with the exagger-
ated hypoxia, the greater red blood cell
mass increases blood viscosity and can
lead to congestive heart failure.

If sea-level residents can be so seri-
ously affected by going to high alti-
tudes, how is it that some mountain-
eers can climb and stay as high as
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20,000 feet and even briefly reach the
summit of Mount Everest (at 29,029
feet), where atmospheric pressure is
less than a third that of sea level? How
is it possible for Tibetans to live on
the high plateau of central Asia or the
Quechuas to survive in the high Andes?
The answer is acclimatization: integrat-
ed changes in bodily functions that re-
store tissue oxygenation toward sea-
level values.

Studies of acclimatization in moun-
tain residents or climbers are difficult.
Many factors, including cold, exertion,
inadequate food and water as well as
rigorous living conditions, can confound
results. The best way to isolate the ef-
fects of hypoxia is to study subjects in
a decompression chamber. (This situ-
ation, however, has its own stresses:
confinement, boredom and lack of ex-
ercise can cloud the observations.)

In 1946 Richard L. Riley, then at
Bellevue Hospital, and I conducted a
study called Operation Everest during
which four men spent 35 days in a
small steel chamber that was gradually
decompressed to a pressure equivalent
to that on the summit of Everest. We
were able to prove that men could sur-
vive and even work lightly there after
10 days of living in an environment
equivalent to being at 25,000 feet. (The
experiment took place seven years be-
fore Everest was climbed using oxygen
tanks and 32 years before the first as-
cent using no supplemental oxygen.)

In 1985 a team of scientists repeated
this experiment in Operation Everest II.
Eight men lived for 40 days in the
chamber, and six repeatedly “went to
the summit” after 10 days of residence
at conditions equivalent to 24,000 and
25,000 feet. From these and a few oth-
er mountain studies have come a bet-
ter, though incomplete, understanding
of acclimatization. Many of us are con-
fident that the lessons learned at high
altitude can be important in the diag-
nosis and care of patients who are hy-
poxic from illness or injury at sea level.

As I described above, the body initial-
ly responds to altitude by struggling to
sustain a near-normal oxygen supply to
the cells. These emergency responses—
increased breathing and heart rate—
protect the body while more lasting
changes take place. Increased breath-
ing persists as the most powerful re-
sponse. In addition, new hemoglobin is
formed, and the number of red blood
cells increases. Normally, between 20
and 30 percent of the body’s capillaries
are inactive, and at altitude some of
these tiny blood vessels are recruited
for more efficient dispersal of blood to
tissues. Within the cells, enzyme chang-
es enhance anaerobic metabolism.

Although the body can partly com-
pensate for lowered levels of oxygen,
many activities remain impaired. Re-
searchers have shown that every 1,000-
foot increase in altitude reduces maxi-
mum work capacity by 3 percent. Long
residence cannot fully restore work ca-
pacity toward that at sea level.

escendants of people living for
D many generations at high al-

titudes show more permanent
changes that are probably genetic. Some
natives have larger lungs within a bar-
rel chest; others have a substantially
increased amount of hemoglobin. More
or larger or differently placed mitochon-
dria (the tiny factories that power the
cells) are found in populations such as
the Quechuas of Chile.

Despite centuries of residence, how-
ever, no humans have adapted perma-
nently to altitudes higher than 17,000
feet. Sea-level dwellers can live for only
a few months at this height before dete-
rioration outstrips acclimatization. Over
time, people continue to lose weight,
their motivation decreases and all bodi-
ly functions decline.

Studies of animals offer tantalizing
glimpses into the many strategies by
which oxygen can be transported and
used. Diving seals and whales, for in-
stance, have very large spleens, which
serve as a reservoir from which they can
draw oxygenated blood. Like humans,
their major accommodation is the diver-
sion of blood flow from less to more
essential organs, although, unlike us,
they shut down certain functions entire-
ly. Other animals, such as yaks and lla-
mas, use different forms of hemo-
globin to obtain and hold more oxygen.

For people, acclimatization is best
ensured by slow ascent. Indeed, the im-
patient are likely to become patients. It
is a good rule to ascend no more than
2,000 feet a day when above 7,000 feet
and to climb at a rate well tolerated
by the most vulnerable member of the
party. If symptoms become prominent,
take a day of rest or even descend a
few hundred feet at night. The altitude
at which one sleeps is more important
than the altitude reached during the
day. It is also necessary to drink more
water at altitude than at sea level to
compensate for the fluid lost through
overbreathing. Avoiding strenuous ex-
ercise for the first day or two is helpful.
Taking more salt than usual tends to
cause water retention, perhaps enough
to trigger altitude sickness.

Those who wish a quick fix may take
certain prescription drugs. Acetazola-
mide inhibits the secretory activity of an
enzyme called carbonic anhydrase and
thus enables deeper or faster breath-
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ing without excessive loss of carbon
dioxide. The drug also inhibits the ac-
tion of antidiuretic hormones. Dexa-
methasone, a glucocorticoid, is helpful
partly because of the euphoria it caus-
es, although it can sometimes have se-
rious side effects, including psychotic
episodes. Nifedipine, a calcium channel
blocker and general vasodilator, lowers
pulmonary artery pressure. Its long-
acting form may protect those climbers
who are unusually susceptible to high-
altitude pulmonary edema.

As for other treatments, the mild
forms of illness usually pass in a few
days. If the more serious pulmonary
edema or cerebral edema is suspected,
descent is the best and most important
remedy. And getting down only a few
thousand feet brings rapid relief. If not,
some other illness should be suspect-
ed. Breathing extra oxygen is helpful,
but on a mountain where the supply is
limited, and in serious cases of edema,
oxygen should not delay descent—get-
ting down is always the best approach.
When descent is impossible, a strong
diuretic or morphine can be used. A re-
cent and promising treatment is to
place the patient in a bag that can be
inflated to a pressure equivalent to a
much lower altitude.

s the relatively recent recognition
Aof high-altitude pulmonary ede-
ma suggests, we have much to
learn about altitude sickness. Further
insights will make going to the moun-
tains safer and more enjoyable, if visi-
tors follow simple rules. A fuller under-
standing of hypoxia could also hold
relevance for the treatment of condi-
tions not related to altitude, including
emphysema, asthma and pneumonia.
But as studies of acclimatization and
eventual deterioration show, it is clear
that certain physiological limits do ex-
ist. Perhaps it is fitting that the highest
peaks remain in some way beyond our
grasp, exerting their powerful pull and
forever challenging us.
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Histones as Regulators of Genes

Histones were once dismissed as little more than packing
material for nuclear DNA. In fact, these proteins
can both repress and facilitate activation of many genes

s recently as five years ago, many
investigators assumed that small
proteins called histones were ir-
relevant to the regulation of genes. His-
tones combine in the cell nucleus with
long strands of DNA, which contain the
genes, to form chromatin, the material
that makes up the chromosomes.

The proteins were discounted mainly
because a number of researchers who
studied how genes function had con-
cluded that histones probably serve as
nothing more than cellular packing ma-
terial. The proteins seemed, in short,
to do little more than form positively
charged “spools” around which nega-
tively charged strands of DNA were
wound so they could fit inside the tiny
cell nucleus.

Yet study after study now indicates
that histones are vital participants in
gene regulation. At least one type helps
to activate genes: it helps to initiate the
copying, or transcription, of information
stored as DNA into molecules of mes-
senger RNA. (These transcripts are the
templates from which individual pro-
teins are synthesized.) Certain histones
can also repress transcription. Today
molecular biologists are beginning to re-
alize that if they want fully to elucidate
how genes are controlled, they must
consider the roles of histones.

Investigators are preoccupied with
the problem of how genes are turned
on and off, in part because such knowl-
edge will help explain how embryonic
development unfolds in multicellular or-
ganisms. Although virtually every cell
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by Michael Grunstein

in a developing organism has the same
complement of genes, some differenti-
ate to become neurons, whereas others
become, say, blood or liver cells. The
end states vary largely because differ-
ent genes are switched on or off at
appropriate times, yielding the distinct
mixtures of enzymes and other proteins
that give a cell its unique properties.

Insight into gene activation and re-
pression should also help explain how
the controls on these processes some-
times go awry, leading to disease. For
instance, cancer can arise when genes
whose protein products facilitate the
replication of cells become overly ac-
tive or when genes that suppress repli-
cation become abnormally still.

he regulatory functions of his-
Ttones eluded discovery until re-

cently because scientists have
been able to induce transcription by ex-
posing naked DNA (unbound by his-
tones) to cellular extracts containing
selected regulatory proteins. The suc-
cess of these “cell-free” experiments led
many biologists to conclude that his-
tones were uninvolved in gene regula-
tion in living organisms.

Although that conclusion was incor-
rect, these studies and others generat-
ed profound insights into how genes
are activated. That research, together
with structural analyses of chromatin,
also paved the way for much of the
work that ultimately uncovered the im-
portance of histones.

Critical early discoveries, for instance,
established that the genes of eukaryot-
ic (nucleated) cells include at least three
specialized segments. Among these,
naturally, is the coding region, which
specifies the amino acid sequence of a
protein. The others are distinct regions
that influence whether the coding seg-
ment is copied into messenger RNA and
how many RNA molecules are made.

For a gene to be switched on, a par-
ticular set of proteins must assemble
on a regulatory region often called the
proximal promoter. First, one protein
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binds to a part of that promoter known
as the TATA box. Then other proteins
join with the first, giving rise to a com-
bination of protein and DNA—the pre-
initiation complex. The TATA box is so
named because it includes some ap-
proximation of the nucleotide sequence
TATAAATA. Nucleotides, the building
blocks of DNA, are distinguished from
one another by one of four chemical
bases: thymine (T), adenine (A), gua-
nine (G) or cytosine (C).

Once the preinitiation complex has
formed, it positions one of its mem-
bers—the enzyme RNA polymerase—at
a spot within the proximal promoter
called the transcription-initiation site.
The accurately positioned polymerase
then travels up to and down the length
of the coding region (perhaps like a
train on a track), synthesizing messen-
ger RNA. Because recognition of DNA by
the proteins of the preinitiation com-
plex will, under the right conditions,
generate a low, or basal, level of tran-
scription in the test tube, the proteins
are sometimes called basal factors.

Binding by other proteins, known as
activators, to a second regulatory site—
the upstream activator sequence—gives
rise to maximal production of the mes-
senger. (In many eukaryotic organisms,
upstream activator sequences are also
referred to as enhancers.)

Even before many of these details
emerged, research into the chemistry
and structure of chromatin had estab-
lished that histones come in five basic
forms, designated H1, H2A, H2B, H3

HISTONE PROTEINS H3 (blue) and H4
(green) exhibit an ability to bend DNA
(golden brown ring around the histones)
in this thin, front-to-back slice through a
three-dimensional map of a nucleosome.
Nucleosomes are a prominent structural
feature of the chromosomes in all nucle-
ated cells. Histones have only recently
been shown to play a role in regulating
the activities of the genes that are
stored in chromosomes.



and H4. X-ray crystallography and oth-
er techniques subsequently showed
that the “spools” around which DNA is
wound are octamers; they consist of
eight molecules—two of histone H4,
combined with two of histones H3,
H2A and H2B. A stretch of DNA some
146 nucleotides long wraps almost
twice around the octamer, or histone
core particle, yielding a unit known as
a nucleosome [see “The Nucleosome,”
by Roger D. Kornberg and Aaron Klug;
SCIENTIFIC AMERICAN, February 1981].
In most eukaryotic organisms, the
DNA is further locked in place by a sin-
gle molecule of histone H1. This pro-
tein binds to the outer surface of the
DNA that encircles the octamer as well
as to both stretches of the flanking, or
“linker,” DNA that connects one nucle-
osome to another. Histone H1 is not
essential to the formation of nucleo-
somes, however. For instance, brewer’s,
or baker’s, yeast (Saccharomyces cere-
visiae), the single-celled eukaryote that
has provided many clues to how genes
are regulated, apparently produces very
little (if any) of it; yet nucleosomes
abound in the yeast’s chromosomes.

On the other hand, H1 seems to pro-
mote the compacting of DNA in cells of
multicellular organisms. In those cells,
much of the chromatin coils into fibers
that have a diameter of about 30 nano-
meters (billionths of a meter); these
coils include about six nucleosomes per
turn. In contrast, most of the chromatin
in brewer’s yeast seems to remain in
a basically extended conformation. It
resembles a string (DNA) of beads (nu-
cleosomes) and, for the most part, is
about 10 nanometers in diameter—the
measure of a single nucleosome.

y the mid-1980s several investi-
B gators, aware of these structural
and regulatory findings, had be-
gun to test seriously a controversial no-
tion: TATA boxes, upstream activator
elements and the specialized proteins
that bind to them (basal factors and ac-
tivator proteins) might not be the only
participants in gene regulation; his-
tones might play a role as well. Earlier,
in the 1960s, a few studies had hinted
that histones might repress transcrip-
tion. But the data were weak.
Some 20 years later investigators
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found themselves in a position to con-
duct more definitive studies. Research-
ers were also intrigued by an evolution-
ary discovery. Analyses of the amino
acid sequences of the histones had es-
tablished that the proteins of the his-
tone core differ little from one species
to another. Indeed, the histones in peas
are much like those in cows. When the
structure of a molecule varies minimal-
ly among species, the lack of diversity
implies that the amino acid sequence is
very important to a cell’s functioning.
If folding of DNA were the histones’
only job, almost any sequences rich in
positively charged amino acids might
be able to bend the negatively charged
DNA; strict conservation of precise ami-
no acid sequences over millions of years
would be unnecessary.

Part of the impressive support for the
notion that histones play a role in con-
trolling genes came from a series of cell-
free studies. In 1986 Joseph A. Knezetic
and Donal S. Luse of the University
of Cincinnati College of Medicine com-
bined histone proteins with DNA mole-
cules containing genes of a human ade-
novirus. When the scientists then intro-

Ut

SCIENTIFIC AMERICAN October 1992 69

© 1992 SCIENTIFIC AMERICAN, INC



The Structure of the Nucleosome

nucleosome (a) forms when histones combine
Awith one another, causing DNA (shown sche-
matically as a tube) to wrap roughly twice
around the resulting histone complex. This complex,
or nucleosomal core particle, includes at its center
two copies of histone H3 (blue) and two of histone H4
(green). This H3-H4 tetramer is flanked by two H2A-
H2B pairs, or dimers (yellow and purple), one of
which is not visible. An end of each histone molecule
is thought to protrude like a tail (pale strands) from
the core, ready to interact with other molecules. (The
exact conformation of the tail is not known.) In many

(but perharps not all) organisms,
histone H1 (gray structure at left)
helps to anchor DNA to the core. To-
gether nucleosomes and the histone-
free DNA that joins them to each
other form chromatin (b through o),
the material from which chromo-
somes are fashioned. By promoting
the tight packing of nucleosomes,
histone H1 helps chromatin to coil
into 30-nanometer fibers (drawing
and micrograph in b). Genes housed
in the DNA within these 30-nano-
meter-thick fibers are thought to be
silent. Unfolding of the chromatin
into a 10-nanometer conformation (c)
is more conducive to gene activation.
For genes to actually be turned on,
DNA must partially unwind from nu-
cleosomes at DNA sequences in-
volved in regulating genes (d).

30 NANOMETERS

DNA

duced fractions of human cells that in-
cluded basal factors (among them RNA
polymerase), the newly formed nucleo-
somes blocked the factors from initiat-
ing transcription.

Then Roger D. Kornberg’s group at
Stanford University showed that selec-
tive inclusion of TATA boxes in nucleo-
somes would prevent RNA polymerase
from initiating transcription. Kornberg’s
team and, independently, that of Don-
ald D. Brown of the Carnegie Institu-
tion of Washington made another im-
portant discovery as well. When nucle-
osomes were induced to form within
the coding region, they did not block
transcription (although later studies
were to show that nucleosomes could
slow the passage of RNA polymerase).

Collectively, these results implied that
histones could potentially help repress
genes within whole cells. They might
act by preventing basal factors from
locking onto DNA rather than by com-
pletely halting transcription within the
coding region. Conversely, it seemed
likely that if genes were to be activated,
histone core particles would have to be
disengaged from the TATA box.

Other cell-free tests implicated acti-
vator proteins—the molecules that bind
to upstream activator sequences—as
having a possible disruptive influence
on nucleosomes. As early as 1984, Bev-
erly M. Emerson and Gary Felsenfeld of
the National Institutes of Health had
shown that proteins that bind to regu-
latory sequences in DNA can prevent
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nucleosomes from forming at those
same sites. Later the laboratories of
Luse, Robert G. Roeder of the Rocke-
feller University and others indepen-
dently extended the finding. They
showed that histones and basal factors
compete for access to the TATA box.

These teams varied the order in which
they exposed DNA to histones and basal
factors. Transcription occurred only if
the factors were given the opportuni-
ty to assemble on TATA elements be-
fore histones were added. Histones won,
however, if the competitors were add-
ed to DNA simultaneously.

In the course of related experiments,
Jerry L. Workman, Roeder and their col-
leagues at Rockefeller made a curious
discovery. Their data suggested that if



DNA was simultaneously exposed to
histones and cellular extracts contain-
ing both basal factors and activator
proteins, the odds tilted in favor of the
basal factors. They bound to TATA box-
es in spite of the presence of histones,
thereby preventing the TATA boxes
from being incorporated into nucleo-
somes. James T. Kadonaga and his as-
sociates at the University of California
at San Diego have similarly shown that
activators will prevent repression of
transcription by histone H1 in vitro.

Such results raised the interesting
possibility that activator proteins might
directly or indirectly help to loosen the
ties between histones and DNA in cells.
For instance, an activator might alter
some basal factor in the preinitiation
complex, enabling that protein to dis-
rupt nucleosomes and gain access to
the TATA element.

ly useful. But the results do not

necessarily accurately reflect how
cells operate within intact organisms.
Consequently, in parallel and some-
times in response to the cell-free work,
several laboratories, including mine at
the University of California at Los An-
geles, focused on the role of histones
in living cells. We asked such questions
as, are TATA boxes routinely incorpo-
rated in nucleosomes? Do histone core
particles repress transcription when
TATA elements are so engaged? How
might the bonds between histone oc-
tamers and DNA be weakened in estab-
lished nucleosomes?

Dennis E. Lohr of Arizona State Uni-
versity and Wolfram Horz of the Uni-
versity of Munich and their colleagues
gathered some of the strongest evi-
dence that nucleosomes often form at
TATA boxes. They demonstrated that
many genes in brewer’s yeast consis-
tently display nucleosomes at the TATA
element. The genes include, among oth-
ers, those specifying the enzymes ga-
lactokinase (GALI) and acid phosphat-
ase (PHOS).

The investigators revealed, too, that
activation of such genes was accom-
panied by unwinding of DNA from nu-
cleosomes associated with TATA boxes.
The researchers knew a degree of dis-
sociation was occurring in active genes
because nucleases (enzymes that cleave
DNA) were able to cut the regions con-
taining the TATA element more easily.
Such cleavage can occur only when the
DNA unbends enough to become ac-
cessible to the nucleases.

Yet the fundamental question of
cause and effect remained. Did chang-
es in the structure of nucleosomes en-
able transcription to occur, or were

S tudies of cell extracts are extreme-

these changes merely a consequence of
the passage of RNA polymerase along
the gene?

In the late 1980s my laboratory at-
tacked the problem by manipulating
the histone genes of intact brewer’s
yeast. Like many biologists, we favored
this simple, unicellular organism partly
because the brewing industry and oth-
er biologists had already deciphered
much of its genetic makeup. Equally
important, tools had been developed
for splicing and combining yeast genet-
ic elements for experimental purposes.

We reasoned that if we could shut
down histone synthesis, we could pre-
vent the TATA boxes of many nor-
mally repressed genes from becoming
trapped in nucleosomes. If messenger
RNAs for those genes were then pro-
duced, we would have shown that re-
moval of histones enables transcription
to occur not just in the test tube but
also in living cells. The finding would
also indicate that histones can repress
genes in living cells.

My graduate students Min Han and
Ung-Jin Kim halted histone synthesis
by adapting a technique devised by
Mark Johnston of the Washington Uni-
versity School of Medicine. They fused
regulatory elements from the yeast ga-
lactokinase gene to the coding regions
of the genes that give rise to histones.
Then they substituted these genes for
the normal versions in yeast cells. When
cells that are so altered are grown in
a glucose-enriched medium, the regula-
tory galactokinase sequence prevents
the associated genes from being tran-
scribed. Hence, to halt histone synthe-
sis, Han and Kim simply had to expose
the genetically altered yeast to glucose.

At the beginning of treatment, the
cells were all at different stages of the
yeast life cycle. Unlike many mamma-
lian cells (such as neurons), brewer’s
yeast cells continually grow and divide
(by budding) unless environmental con-
ditions threaten survival of the new
cells. As the organism’s chromosomes
are duplicated during cell division, the
two sets are segregated. One is deliv-
ered to an emerging bud that pinches
off to become an independent cell.

After histone synthesis was halted,
the genetically altered yeast cells were
able to reproduce their DNA one time
without difficulty. But the resulting DNA
carried approximately half its usual
number of nucleosomes. What is more,
nuclease-digestion analyses indicated
that most of the remaining nucleo-
somes were no longer in their usual po-
sitions. Instead they were much more
randomly placed. Further, our findings
argued that TATA boxes that were nor-
mally found within nucleosomes were

now freed. In that way, the chromo-
somes resembled naked DNA and thus
fit our experimental needs quite well.

an and Kim proceeded by mea-
H suring the amount of messen-

ger RNA produced by many dif-
ferent genes in the nucleosome-de-
pleted yeast. In 1988 they learned that
the only genes switched on in response
to the depletion of nucleosomes were
those of the inducible type. Such genes
remain silent unless a cell is exposed to
a particular stimulus, such as a change
in the level of a specific sugar or amino
acid. Conversely, so-called housekeeping
genes, whose products are constantly
needed for cellular self-maintenance,
did not become unusually active.

This last result is not surprising if
the proposal that nucleosomes repress
transcription is correct. Genes that are
continuously in use would be expected
to have lacked nucleosomes at their
TATA boxes even before the exper-
iments started. Hence, procedures de-
signed to remove histones from DNA
would not affect them.

Closer examination of the inducible
genes yielded more direct support for
the repression hypothesis. By means of
various genetic manipulations, Han and
a postdoctoral fellow, Linda K. Durrin,
found that for many such genes, elim-
ination of nucleosomes at TATA box-
es led to synthesis of messenger RNA.
Such synthesis suggested that basal fac-
tors had assembled on the TATA boxes.
Transcription occurred even in the ab-
sence of upstream activator sequences,
which indicated that removal of TATA-
associated nucleosomes is sufficient to
initiate a basal level of transcription. For
some genes, however, reinstatement of
the upstream activator sequence was
needed to increase transcription to the
maximal rate.

My colleagues and I interpret these re-
sults to mean that, by forming nucleo-
somes, histones do indeed repress tran-
scription in living cells. On the basis of
these data and those of in vitro studies,
we have proposed a revised, two-stage
model of how genes are turned on.

In the first, histone-dependent, activa-
tion stage, activator proteins at the up-
stream activator sequence directly or in-
directly cause the histone core particle
to dissociate from the TATA box. This
displacement enables basal factors to
assemble on the TATA box and form a
preinitiation complex, thereby generat-
ing a basal level of transcription.

In the second, histone-independent,
stage, activators stimulate the preinitia-
tion complex to maximize production
of messenger RNA. We think we can
now explain why molecular biologists
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RECENT MODEL OF GENE ACTIVATION focuses on naked, or histone-free, DNA.
Genes include a coding region (blue band at far right in 1), which specifies the
amino acid sequence of a protein, and two major regulatory regions—the proximal
promoter (yellow band) and the upstream activator sequence (green band)—which
determine whether the encoded protein is made. The model holds that if a gene is
to be turned on (2), proteins called basal factors (red) must assemble on the TATA
box within the promoter (leftmost yellow segment). Such an assembly positions one
basal factor—the enzy me RNA polymerase—on the transcription-initiation, or I, site
(rightmost yellow segment), enabling the enzyme to copy, or transcribe, the infor-
mation in the coding region into messenger RNA (the template from which an en-
coded protein is synthesized). Binding of so-called activator proteins ( purple in 3)
to the upstream activator sequence yields further stimulation of the basal complex
(broken arrow) and maximizes transcription (dark arrow).

can sometimes achieve activation in
vitro in the absence of histones: they
may be replicating only the final events
of the activation process.

In 1988 Fred Winston of Harvard
Medical School and his co-workers
amassed other cellular evidence that
histones participate in gene regulation.
Winston’s group built its technique
around the discovery by Gerald R. Fink
and his associates at the Whitehead In-
stitute that in some mutant yeast cells
a transposable segment of DNA called
TY inserts itself near the TATA box of
the gene HIS4. (HIS4 does not specify a
histone; it encodes an enzyme involved
in use of the amino acid histidine.) The
insertion causes transcription to begin
within the TY element rather than at
the start of the HIS4 gene. This error
results in production of a nonsensical
transcript that cannot direct synthesis
of the His4 protein.

Winston’s team demonstrated that
altering the number of copies of the
genes for histones H2A and H2B in
yeast overcame the repressive effect of
TY, leading to accurate transcription of
the HIS4 gene. This reversal of HIS4 re-
pression signified that histones were
probably more important in gene regu-
lation than was once thought.

r I Yhe accumulating evidence strong-
ly argues that one cannot explain
gene regulation merely by posit-

ing interactions between DNA and non-

histone proteins. Removal of histone-
controlled repression is a necessary
first step in the turning on of a silent
eukaryotic gene. If this conclusion is
correct, it becomes important to ex-
plain how the ties between the histone
core and the TATA box are relaxed.

My colleagues and I believe such re-
laxation probably results from specific
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binding between activator proteins or
an intermediary and the “tail” segment
of one of the histones: H4. Each histone
in the octamer spool is divided into
two major domains. The core domain,
which includes the carboxy (COOH) ter-
minus of the protein, twists into tight
hydrophobic (water-repelling) helices.
These helices mesh to form the bulk
of the histone octamer. In contrast, the
tail domain, which includes the amino
(NH,) terminus, is hydrophilic (water-
attracting). It remains uncoiled, perhaps
resembling a floppy string.

We were drawn to examine a regula-
tory role for histone tails, in part be-
cause the laboratories of Harold Wein-
traub, now at the Fred Hutchinson Can-
cer Research Center in Seattle, and of
James P. Whitlock and Robert T. Simp-
son of the NIH had shown that these
“strings” have little to do with the as-
sembly and stability of nucleosomes.
They do, however, extend from the he-
lices. Compared with the core domains,
they are thus potentially more available
to interact with molecules in the local
environment of the chromatin.

We were also interested in the tails
because of other intriguing reports. As
early as 1977, Vincent G. Allfrey and
his colleagues at Rockefeller had ob-
served that transcription was often ac-
companied by the addition of acetyl
groups (CH;CO) to the histone tails.
Such additions would be expected to
neutralize the positively charged tails,
which in turn could potentially disrupt
the interaction of the tails with negative-
ly charged DNA. Whether acetylation
precedes or follows transcription is still
not clear. But the finding did suggest
that the tails might be important for
freeing TATA boxes from nucleosomes.

In 1991 Durrin uncovered direct sup-
port of that likelihood. By deleting ami-
no acids 4 through 23 in the tail of his-
tone H4, she strongly inhibited tran-
scription of several normally inducible
genes in yeast, including those involved
in metabolism of the sugar galactose.
The inhibition intimated that all or part
of the eliminated segment normally in-
teracts with the transcription machin-
ery to make transcription possible.

Durrin’s finding has led my colleagues
and me to amplify the histone-depen-
dent activation stage in our model of
gene regulation. We propose that activa-
tor proteins, or proteins they influence,
displace histones from the TATA box by
specifically binding to some part of the
region between amino acids 4 and 23
on the tail of histone H4.

We can envision a way in which such
binding might facilitate transcription.
Our ideas are inspired in part by an un-
derstanding of how nucleosomes form



and how they behave when they are un-
folded. Part of this awareness was orig-
inally contributed by the late Abraham
Worcel, then at Princeton University.
He suggested that the first step in nu-
cleosome construction is the assembly
of two histone H3 molecules and two
histone H4 molecules into a foursome,
or tetramer. DNA then wraps around
the tetramer, making contact with each
of the four molecules. (Felsenfeld and
Alan P. Wolffe of the NIH and Kensal E.
Van Holde of Oregon State University
have ascertained that the tetramer is
stable and behaves like a complete nu-
cleosome in many ways.)

There is also evidence that this partial
structure directs the subsequent addi-
tion of two histone H2A-H2B pairs, or
dimers, to the tetramer. This addition in
turn promotes further coiling of DNA
around the core particle. Bradford B.
Baer and Daniela Rhodes of the Medical
Research Laboratory of Molecular Biolo-
gy in England have found as well that
nucleosomes depleted of their H2A-H2B
dimers are less effective at blocking tran-
scription than are intact nucleosomes.
Moreover, work by Vaughn Jackson and
Roger Chalkley and their colleagues at
the University of lowa indicates that his-
tones H2A and H2B may dissociate easi-
ly from the tetramer and transfer from
one nucleosome to another.

Such insights imply that when activa-
tor proteins or their accessories bind to
a specific spot on the tail of histone
H4, the binding may induce a confor-
mational change in the histone. This
change may lead to temporary ejection
of histones H2A and H2B from the nu-
cleosome. Displacement of the dimers
could in turn cause some of the DNA
in the nucleosome to uncoil and thus
become accessible to basal factors. Af-
ter passage of the RNA polymerase, the
H2A-H2B dimers may reassemble on
H3-H4 tetramers to re-form nucleo-
somes behind the polymerase.

trangely enough, as we examined
different segments of the histone

H4 tail, we realized that its parts
had a number of different and some-
times conflicting responsibilities. For
instance, although certain amino acids
between numbers 4 and 23 are needed
for transcription of several genes, a
part of the tail participates in repression
of other genes.

Paul S. Kayne, a graduate student in
my laboratory, has identified an impor-
tant inhibitory function of the histone
H4 tail. It helps to repress what are
called silent-mating loci. There are two
such genetic regions in each brewer’s
yeast cell. They must remain perpetually
quiet, or else the cells in which they are

Critical Test-Tube Experiments

n the late 1980s studies of extracts from human cells demonstrated that

histones and basal factors compete for access to TATA boxes and that his-
tones generally win (experiment 1), except under special circumstances (ex-
periments 2 and 3). These findings suggested that activator proteins or pro-
teins they influence might be the agents that free TATA boxes from nucleo-
somes in intact cells, allowing transcription to occur.

EXPERIMENT 1
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When DNA is exposed
simultaneously to his-
tones and basal factors,
the histones form nu-
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When DNA is exposed to
basal factors before his-
tones are introduced (step
1), the basal factors as-
semble on TATA boxes
and lock out histones that
are added subsequently
(step 2).

UPSTREAM
ACTIVATOR
SEQUENCE

When DNA is simultan-
eously exposed to his-
tones, basal factors and
activator proteins, the
activators enable the
basal factors to bind to
TATA boxes, and they
block access of the
histones.
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active will become unable to mate—that
is, fuse with each other. Yeast cells mate
when they are in the haploid state: when
they have one full set of chromosomes.
Fusion of two haploid individuals yields
a single diploid cell, much as the union
of a sperm and egg produces a diploid

embryo carrying one set of chromo-
somes from the mother and a match-
ing set from the father.

Kayne showed that deletion of amino
acids 15 to 19 from the tail of histone
H4 greatly decreased the ability of yeast
to mate. The difficulty arose because the

YEAST CELLS
MATING

FUSED CELLS

HMRa
SILENT-MATING LOCUS

HML-ALPHA
SILENT-MATING LOCUS

MAT LOCUS

A

2. COPY OF EACH
HMRa GENE IS
PRODUCED

1. ORIGINAL GENES
ARE EJECTED

| 1 1 i 1

—_—

3. COPIED GENES
ARE INSERTED
INTO THE MAT
LOCUS

4. ACTIVATION OF HMRa
GENES IN THE MAT LOCUS
ULTIMATELY CAUSES THE
CELL TO PRODUCE THE a
MATING FACTOR

Y
o

>

O

—

o

By

([ ]

0<

[ ]

oy H&SIR PROTEINS
UNIDENTIFIED
PROTEIN

H4 TAIL

SILENCER NUCLEOSOME SILENCER
REGION REGION

YEAST CELLS have been captured in the process of mating (left photograph) and af-
ter they have fused (right photograph). For fusion to occur, the mating type (or
“sex”) of one cell must be alpha, and the other, a. Three genetic loci—HMI-alpha,
MAT and HMRa—on a single chromosome (top of drawing) enable yeast cells to
switch from one mating type to another. Switching occurs when genes already in
the MAT locus are discarded (1) and replaced with a duplicate copy of genes in ei-
ther HML-alpha or HMRa (2 and 3), which are called silent-mating loci. The original
genes in these silent loci are never activated, but insertion of a duplicate set into the
MAT locus enables the copies to be transcribed (4). Here HMRa genes have been
copied into the MAT locus, causing the cell to become type a. The detail at the bot-
tom shows that a segment of the histone H4 tail helps to keep the silent-mating loci
quiet. The tail exerts its effect by interacting somehow (broken arrows) with the Sir
3 protein, one of several types of Sir proteins (gray) that help silencer DNA se-
quences at both ends of the loci (white bands) to repress genes within the regions.
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genes in the formerly repressed regions
became activated. Our laboratory and
those of M. Mitchell Smith of the Univer-
sity of Virginia and Jack Szostak of Har-
vard University found as well that single
amino acid substitutions between ami-
no acids 16 and 19 had a similar effect.
Hence, each of the amino acids normal-
ly present in the region is necessary for
repressing the silent-mating loci.

Lianna M. Johnson in our laboratory
recently proved that most of the amino
acids between numbers 21 and 29 are
additionally required for repression of
the same genes. She demonstrated, too,
that substitution of either of two amino
acids in a protein called Sir 3 can coun-
teract the mating deficitinduced by the
H4 mutation. The Sir change led to re-
pression of the silent-mating loci and
to renewed mating. The fact that a de-
fect in histone H4 is counteracted by a
specific defect in Sir 3 argues that his-
tone H4 and Sir 3 normally collaborate
to repress the silent-mating loci.

The silent-mating loci reside near the
tips, or telomeres, of yeast chromosome
III. Daniel E. Gottschling and his col-
leagues at the University of Chicago
have implicated the histone H4 tails in
also repressing other genes near yeast
telomeres. Gottschling’s group found,
quite surprisingly, that some of the
same H4 mutations that release repres-
sion of the silent-mating loci overcome
repression of genes that have been arti-
ficially inserted close to telomeres. De-
fects in certain Sir proteins do the same.
Hence, it seems that genes residing near
telomeres are silenced in much the
same way as are the silent-mating loci.

Besides providing concrete new de-
tails of how histones function, analy-
ses of mating have generated a tool for
further study of histones. A group of
genetic defects, collectively called swi
(switch) mutations, block activation of
a yeast gene that specifies an enzyme
essential to the establishment of mat-
ing type. (Yeast can be type a or type
alpha.) Ira Herskowitz of the University
of California at San Francisco and his
team find that certain other mutations
(known as sin mutations) counteract
that blockade. Among these is a muta-
tion in the gene for histone H3, which
implies that the altered region of H3
can influence gene activity. Discovery
of other sin mutations should point to
additional gene regulatory segments of
histones. Such mutations should also
help identify proteins that control genes
by influencing histones.

Similarly, Winston’s laboratory has
determined that the effects of certain
so-called snf mutations generated by
Marian Carlson of Columbia University
resemble those of swi mutations. The
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2. HISTONE-INDEPENDENT ACTIVATION STAGE

EXPANDED MODEL OF GENE ACTIVATION holds that transcription in living cells in-
volves histones. The model proposes that for transcription to begin, activator pro-
teins (purple in 1a) must interact directly or indirectly (broken arrow) with the tail of
histone H4 at the TATA box (squiggle emerging from green core particle). The inter-
action leads to partial breakup of the core, perhaps by releasing H2A and H2B (small
green fragments in 1b). The breakup leads to binding of the TATA box by basal fac-
tors (red complex) and to a low level of transcription. Maximal transcription is
achieved much as the naked-DNA model of gene activation would suggest (2).

proteins produced by the normal ver-
sions of the mutated genes may help
unravel nucleosomes so that transcrip-
tion can occur. Elucidation and analysis
of swi, snf and other mutations that
can affect chromatin structure are be-
coming an increasingly important part
of research into gene regulation.

ecause histone H3 is similar to
B histone H4 in many ways (in-

cluding its pattern of acetylation
and its role in forming and stabilizing
nucleosomes), it would be reasonable
to expect that the tail of histone H3
controls genes in much the same way
as the tail of H4. For instance, one
might predict that the histone H3 tail
would help suppress the silent-mating
loci. In fact, it does not. Further, Randall
K. Mann in my laboratory has reported
that the histone H3 tail is required for
repression of many of the same genes

74B

that need the histone H4 tail in order
to become activated.

To explain why histones H3 and H4
have such different functions, research-
ers will need a better understanding of
how these molecules interact with oth-
er proteins and with DNA. The cellular
roles of histones H2A and H2B also re-
main to be determined, although it is

clear that they do not behave in the
same way as histones H3 and H4.

So far much of what is known about
how histones regulate genes in living
organisms has been gleaned from yeast.
In yeast, upstream activator sequences
appear to be permanently free of nu-
cleosomes. In human cells, much of the
chromatin is usually in the 30-nanome-
ter conformation. Consequently, during
development human cells may need to
activate some genes whose upstream ac-
tivator sequences, or enhancers, are in-
corporated in nucleosomes. How might
they manage this feat?

One reasonable answer, based on dis-
coveries by Helen M. Blau of Stanford
University, is that certain proteins (per-
haps ones distinct from activators) in
human cells may be capable of displac-
ing nucleosomes from enhancers. It is
also possible that genes a cell must turn
on at one moment and off at another
(like most genes in yeast) may contain
enhancers that are kept perpetually at
the ready—free of nucleosomes.

A good deal of work remains to be
done before all the cellular activities
of histones in yeast and other organ-
isms are evident. Yet enough has been
learned to overturn the old dogma that
histone core particles are the molec-
ular equivalent of unreactive spools.
Our studies and those of others argue
that the particles can both repress and
activate genes. Individual histones, as
well as specific domains within those
molecules, account for the effects. It is
tempting to speculate that certain reg-
ulatory proteins that collaborate with
activators control genes by binding
specifically to DNA and to key histone
domains.

The challenge now is to learn more
about the tasks nature has assigned
to small segments within histone do-
mains and to identify which regulatory
proteins interact with those segments.
Many investigators who would once
have been uninspired by histones are
now engaged in that effort. Exploration
of chromatin structure has suddenly
become an exciting new frontier in the
study of gene regulation.
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Singing Caterpillars,
Ants and Symbiosis

With siren songs and chemical lures, some butterfly caterpillars

attract ants to serve as their guardians. Those same ants are usually

involved in symbioses with other insects and plants as well

s anyone who has picnicked atop
an anthill can attest, ants vigor-
ously defend the food they find
and strongly discourage poaching on
their territory by other species (human
or otherwise). Yet some insects, includ-
ing a breathtaking variety of butterfly
caterpillars, can not only trespass safely
but enter into mutually beneficial part-
nerships with ants. Such relationships
are intriguing examples of symbiosis,
in which two or more species may live
and interact intimately. Because sym-
bioses offer great clues for understand-
ing the complex interactions between
multiple species, they are of special in-
terest to evolutionary ecologists, who
are concerned with how and why or-
ganisms have evolved their particular
traits and behaviors.

The ability to form symbioses with
ants and to exploit their pugnacious
characteristics is well known in two
major groups of organisms: plants and
herbivorous insects belonging to the
orders Homoptera (aphids, cicadas and
related insects) and Lepidoptera (butter-
flies, skippers and moths). For all these
organisms, the presentation of food in
the form of tasty secretions seems to be
fundamental to maintaining the associ-

PHILIP J. DEVRIES has broad interests
in evolution, ecology, comparative biolo-
gy and natural history, but his special
expertise is in plant-animal interactions,
particularly those involving insects. He
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Michigan in 1975, DeVries began gradu-
ate work in zoology at the University of
Texas. He received his doctorate in 1987.
His professional honors include a Mac-
Arthur Foundation fellowship.

by Philip J. DeVries

ation with the ants. Plants may provide
secretions through extrafloral nectaries
on their leaves. Ants drawn to these
nectaries defend the plants against her-
bivorous insects. Similarly, insects can
offer secretions to ants through special-
ized organs. Ants attracted to the hon-
eydew secretions produced by aphids,
for example, seem to protect those in-
sects against predators.

Myrmecophily, the ability to associate
symbiotically with ants, has evolved
among only two families of butterflies:
the Lycaenidae (which are known as
hairstreaks and blues and are found ev-
erywhere in the world) and the Riodi-
nidae (or metalmarks, which are found
almost exclusively in the American trop-
ics). Together these families make up
what are commonly called the lycaenoid
butterflies. Lycaenoids are seldom no-
ticed—they have wingspans of less than
two inches—but they constitute 40 per-
cent of the more than 13,500 known
butterfly species and encompass a stag-
gering diversity of colors and patterns.
As delightful to the eye as lycaenoid
butterflies may be, it is their caterpillars
that dazzle the imagination of evolu-
tionary biologists because many of them
have specialized organs that mediate
their symbioses with ants.

During the past 20 years, this relation-
ship has been illuminated by Christo-
pher B. Cottrell of the Tobacco Research
Board in Zimbabwe, Konrad Fiedler of
Maximilians University in Wiirzburg, Ul-
rich Maschwitz of Goethe University in
Frankfurt am Main, Naomi E. Pierce of
Harvard University and Jeremy A. Thom-
as of the Institute of Terrestrial Ecolo-
gy in England, who have studied mem-
bers of the Lycaenidae family. These re-
searchers have shown that the sym-
bioses between lycaenid caterpillars and
ants can range from the mutualistic, in
which both species benefit, to the para-
sitic, in which one benefits at the ex-
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pense of the other. In some instances,
the symbioses lead to complicated life
cycles for one or both species.

Until recently, the only detailed work
on symbioses between riodinid caterpil-
lars and ants was that done more than
20 years ago by Gary N. Ross of Louisi-
ana State University at Baton Rouge. For
a very long time, therefore, our grasp of
the evolution and ecology of butterfly-
ant symbioses was based almost entire-
ly on studies of the family Lycaenidae.
Recent research on riodinid caterpillars
by myself and others, however, yielded
comparative information that has helped
reinterpret the evolution and conse-
quences of symbiotic associations with
ants. With that knowledge has come a
fresh appreciation of the pivotal eco-
logical role that some ant species play.

y interest in caterpillar-ant in-
M teractions started some years
ago in Brunei, Borneo, where I
first observed interactions between ants
and a lycaenoid butterfly. At the time,
most of my work centered on other as-
pects of butterfly biology, but from this
incidental observation grew a fascina-
tion with myrmecophilous (ant-loving)
caterpillars. During the past seven years,
much of my research has focused on ex-
ploring the symbioses between ants and
caterpillars of the riodinid butterflies in
Central and South America.
The riodinid butterfly that I have
studied in greatest detail is Thisbe ire-

SYMBIOTIC PARTNERSHIP between this
caterpillar and ants is beneficial to both
species. A variety of adaptations, includ-
ing attractive songs or acoustic signals,
enable the caterpillar to exploit the terri-
toriality and the food-gathering instincts
of the ants. This caterpillar is sipping
sweet fluid from an extrafloral nectary
on a plant while ants tend it.



nea, which lives in a variety of tropical
forest habitats between Mexico and
Brazil. It is typical of riodinid caterpil-
lars that form symbioses with ants. A
female Thisbe deposits individual eggs
on sapling trees of the genus Croton;
after caterpillars emerge from these
eggs, they feed on the tree. Ants are
drawn to Crotonbecause at the base of
each leaf is an extrafloral nectary. (Such
nectaries are common features of many
tropical plants.) The ants patrolling the
trees are the same ones with which the
caterpillars form symbioses.

When I began my study of Thisbe in
Barro Colorado, Panama, all that was
known about the caterpillars was that
they fed on Croton and were typically
found in association with ants. The log-
ical first step was to see what would
happen to the caterpillars without ants.
I therefore removed all the insects from
several populations of Croton saplings
and then smeared the base of each
plant with a sticky resin. This arrange-
ment would deny all crawling insects,
such as ants, access to the trees but
would not prevent female butterflies
from laying eggs there. On half the
trees, however, I placed a stick bridge
over the resin to allow ants to return.

For the next 10 months, I conducted a
weekly census of ants and caterpillars
on all the trees. The results showed that
the trees with ants on them accrued

more caterpillars than did the trees from
which ants were excluded. A likely expla-
nation for this pattern seemed to be that
on the plants lacking ants, flying preda-
tors were removing the caterpillars.

Of the natural predators that caterpil-
lars face, the social wasps are especially
significant, particularly in the tropics.
Social wasps spend a large proportion
of their adult lives searching vegetation
for caterpillars. When a female wasp
finds a caterpillar, she kills it with her
sting, cuts up the body and carries the
meat back to her nest to feed the hun-
gry wasp grubs.

o test whether ants protected
I caterpillars from wasps, I placed
two potted plants in an area
where wasp nests were abundant and
allowed ants to crawl on only one of the
plants. I then placed a caterpillar on
each plant and timed how long it sur-
vived. As eventually became obvious, in
the absence of ants, caterpillars did not
remain on plants for very long: often
within minutes, wasps killed the cater-
pillars and carried them away. In con-
trast, if ants were present, they vigor-
ously defended the caterpillars against
wasp attacks. Wasp predation there-
fore explained why I found fewer cater-
pillars on the plants from which ants
had been excluded.
These simple experiments showed

that ants performed a valuable service
to Thisbe caterpillars by protecting them
from predators. That observation raised
a further question about the symbiosis:
what did the ants gain in return for their
efforts? Or to put it another way, how
do the caterpillars induce ants to en-
gage in a risky defense of an organism
that is not part of their colony?

The answer rests, in part, with a suite
of specialized organs found on the
caterpillar. Ants generally ignore young
Thisbe caterpillars that are still in their
first and second instars, or develop-
mental stages. Only on molting and en-
tering the third instar do the caterpil-
lars undergo a dramatic morphological
change that makes them highly attrac-
tive; thereafter, ants attend them con-
stantly until the caterpillars begin their
metamorphosis into butterflies.

Caterpillars in their third and later
instars have three sets of so-called ant
organs that are important for maintain-
ing the tending activities by the ants.
The most noticeable are a pair of ex-
trudable glands called nectary organs.
Located on the caterpillar’s posterior
segments, the nectary organs look like
the fingers of a rubber surgical glove.
When an ant strokes the posterior area
of a caterpillar with its antennae, these
organs extrude from the body and se-
crete a drop of clear fluid at their tips
that the ant drinks eagerly. The organs




THISBE IRENEA is one of many butterflies that as a caterpillar enters into a sym-
biosis with ants. Myrmecophily, “the love of ants,” has evolved in butterflies only
within the families Riodinidae and Lycaenidae.

then withdraw back into the body. The
ants, however, are so captivated by the
secretion that they stroke the caterpil-
lar relentlessly to solicit it. I estimate
that the ants attending a Thisbe cater-
pillar seek more of the secretion at
least once every minute.

These same ants also obtain secre-
tions from the extrafloral nectaries of
Croton trees, but they seem to prefer
tending the caterpillars to tending the
nearby plant nectaries. The late Irene
Baker of the University of California at
Berkeley and I found that the caterpil-
lar secretions are quite different from
those offered by the Croton plants. In
effect, the secretion of the caterpillars
is haute cuisine. True, the extrafloral
nectar is a 33 percent mixture of vari-
ous sugars, whereas the caterpillar se-
cretion has almost no detectable sugar,
but the secretion contains much higher
concentrations of amino acids. Ants
can obtain a meal from the caterpillars
that is more nutritious than what they
can get from the plant nectaries, even
if it is not so sweet.

The caterpillars, on the other hand,
are partial to the extrafloral nectar.
When Thisbe caterpillars are not feed-
ing on leaves or walking about on the
Croton plant, they typically rest with
their heads over the extrafloral nec-
taries. A series of experiments in which
caterpillars were grown with and with-
out access to extrafloral nectar showed
that caterpillars did indeed drink the
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nectar and that those drinking it grew
faster than those that did not. Extra-
floral nectar, along with the other leaf
tissue that serves as food, therefore
contributes substantially to the devel-
opmental rate of Thisbe caterpillars.

Drinking extrafloral nectar appears to
be widespread among the riodinid cat-
erpillars that form symbioses with ants.
Myrmecophilous caterpillars often feed
on plants that have extrafloral nectaries.
Conversely, caterpillar species that do
not enter into symbioses with ants feed
more frequently on plants lacking nec-
taries. By usurping the ant guards of the
plant for their own protection and feed-
ing on the young leaf tissues, the myr-
mecophilous riodinid caterpillars ex-
ploit the plant-ant symbiosis—adding
insult to herbivory, so to speak.

tudies of the nectary organs
solved only part of the caterpil-

lar-ant symbiosis puzzle. Ants are
selfless automatons that provide food,
defense and brood care for their colony
as a whole. Yet individual ants some-
times stay with Thisbe caterpillars for a
week or more. Instead of spending time
protecting members of a different spe-
cies, why don’t the attending ants im-
mediately return to their nest with the
caterpillar secretion, as they would with
plant nectar or other delicacies?
Other ant organs on the caterpillars
bear on that question. The caterpillars
of Thisbe and other riodinid species
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have a pair of tentacle organs, brush-
tipped glands just behind the head, that
appear to exert a chemical influence on
ant behavior. When these organs emerge
from the body, the attending ants near
the caterpillar almost immediately snap
into a defensive posture, their mandi-
bles agape, abdomen curled under the
body. I found that when the ants as-
sumed this posture, moving a small
piece of wood or thread near the cater-
pillar precipitated an aggressive attack:
the ants would rush at the object, bite
it and attempt to sting it.

These observations of Thisbe and
other riodinid species suggest that the
tentacle organs discharge some chem-
ical similar to an ant alarm phero-
mone—a substance that the ants would
use among themselves to signal an at-
tack on the colony. Unfortunately, the
chemical nature of the emissions from
the tentacle organs is still unknown, so
it is impossible to say how they com-
pare with actual ant alarm pheromones.
It does seem clear, however, that the
function of these organs is to seize the
attention of ants and to help keep it fo-
cused on the caterpillars.

A third type of ant organ was discov-
ered in 1926 by entomologist Carlos T.
Bruch of the National Museum of Nat-
ural History in Buenos Aires, who pro-
vided the first description of a myr-
mecophilous riodinid species found in
Argentina. In addition to the extrud-
able nectary and tentacle organs, Bruch
found a pair of tiny, movable, rodlike
appendages that sprang from the front
of the first thoracic segment and project-
ed over the head. Such appendages were
then unknown on any other caterpillar.

Forty years later in Mexico, Ross de-
scribed similar appendages on a differ-
ent riodinid species. Ross named these
appendages vibratory papillae and sug-
gested that their motion might convey
vibrations to ants. It is now known that
most myrmecophilous riodinid cater-
pillars have vibratory papillae as ant
organs.

My observations indicated that the
vibratory papillae on Thisbe caterpil-
lars functioned as Bruch and Ross had
described. I also noticed, however, that
while the vibratory papillae were in mo-
tion, the caterpillars moved their heads
in and out. I was struck by the similari-
ty of these head movements to those
of long-horned beetles, which produce
an audible sound when they move their
heads in and out. (Predators seem to
drop the beetles when they hear the
squeaks.) Even though I could hear
nothing coming from Thisbe caterpil-
lars, I became convinced that they were
producing sounds.

A glimmer of the truth began to ap-



pear when I examined the structures
with a scanning electron microscope at
the University of Texas at Austin. Un-
der magnification, the vibratory papillae
clearly showed sharp concentric rings
along their shafts. The top of the head,
which the papillae touched when they
vibrated, bore small bumps or granu-
lations that looked like guitar picks.
Side by side in those micrographs, the
vibratory papillae and the head were
strongly reminiscent of a guiro, a Latin
American percussion instrument that
is played by sliding a wooden stick
across the grooves in a carved gourd.
Thus, both the morphology and the be-
havior of the caterpillar suggested that
these papillae and the head acted joint-
ly as a sound-producing organ.

P I o one had ever heard a caterpillar
make a sound, however, so this
crazy ideaneeded to be tested. I

consequently returned to Panama with
an exceptionally sensitive microphone
and amplifier. On the very day of my ar-
rival, I discovered that the instruments
did indeed allow me to hear and record
calls from the caterpillars. Their low-
amplitude calls were audible only when
the microphone was touching the body
of a caterpillar or the surface on which it
stood. The calls therefore travel through
the solid substrate rather than through
the air, which partially explained why
no one had ever heard caterpillar calls
during normal observation.

By making recordings of individual
caterpillars and then removing their vi-
bratory papillae, I learned that the cat-
erpillars could produce calls as long as
they had at least one papilla. As analy-
ses of the recordings revealed, the calls
were strongest when two vibratory pa-
pillae were present and weaker by al-
most half when one was removed. Cat-

erpillars without any vibratory papillae
were completely mute even though they
continued to move their heads. Because
these papillae are replaced when a cater-
pillar sheds its skin, the mute caterpil-
lars regained their “voices” when they
molted to the next instar. (That fact was
experimentally useful because individ-
ual caterpillars could be used several
times, and they acted as built-in con-
trols.) Taken together, these observa-
tions verified that the vibratory papillae,
the head granulations and the head mo-
tions worked literally in concert as com-
ponents of a call-producing system.

The ability to make caterpillars mute
permitted me to explore the role of
caterpillar calls in the formation of as-
sociations with ants. I placed mute and
call-producing caterpillars on the same
plant and counted how many ants tend-
ed each of them over time. The results
indicated that the calls do keep ants in
the vicinity of the caterpillars: the call-
ing caterpillars accumulated significant-
ly more ants. It is easy to imagine that
the calling caterpillars would also have
been better protected against predators
than their silent counterparts because
they could attract more ants.

Just as the chemical stimulus from
the tentacle organs seems to mimic a
pheromonal signal among ants, the
calls of the caterpillars seem to parallel
the auditory communications of ants,
at least in some respects. When ants
find a food resource or when they are
alarmed, they create vibrations that
travel through the substrate on which
they stand and attract their nest mates.
Many varieties of ant produce vibrations
by tapping their abdomen on the sub-
strate, but others have well-developed
sound-making organs. The calls of ants
and caterpillars have approximately
the same frequencies and pulse rates.

These similarities suggest that the
ability of caterpillars to call and the
characteristics of the calls themselves
evolved through natural selection by
ants. In other words, the ants deter-
mined which caterpillars survived by
ignoring strange calls and responding
to antlike calls.

That behavior is noteworthy because
it violates what biologists have general-
ly understood about insect communi-
cation systems—that calls evolve in re-
sponse to direct selection on sexual or
defensive traits. For example, the chirp-
ing of a male cricket summons poten-
tial mates and warns other males away
from its territory. Vigorous males pro-
liferate faster than do their sluggish
brothers because their calls attract larg-
er numbers of receptive females. The
calling ability of crickets and the char-
acteristics of their calls thus evolve di-
rectly in response to selection by fe-
males of the same species.

In caterpillar and ant symbioses, how-
ever, the calls produced by one species
have evolved in response to selection by
an unrelated species. The evolution of
the caterpillars has been guided by se-
lection acting on completely different
characteristics in ants. The caterpillar-
ant system therefore provides a new
arena for the study of insect communi-
cation, particularly in other insect spe-
cies that form symbioses with ants.

aterpillar-ant symbioses are typ-

ically facultative rather than ob-

ligate—that is, the two species
benefit each other but neither is abso-
lutely dependent on the other for sur-
vival. Indeed, the involvement of species
in a symbiosis can be quite flexible: de-
pending on the habitat and locality, a
particular species of caterpillar may as-
sociate with a variety of ant species. For

SYMBIOTIC ANT BEHAVIORS are mediated by specialized ant
organs on myrmecophilous caterpillars. At their posterior
end, the caterpillars have extrudable nectary glands, which
secrete an appetizing fluid for the ants to drink (left). At their

anterior end, the caterpillars have tentacle organs, which re-
lease a chemical similar to an ant alarm signal. The ants im-
mediately assume a defensive posture (right) and will pro-
tect the caterpillar from predators, such as wasps.

SCIENTIFIC AMERICAN October 1992 79

© 1992 SCIENTIFIC AMERICAN, INC



example, within its geographic range,
Thisbe caterpillars may be found with
one species of ant in Costa Rica and an-
other species in Belize. Even within a
single forest, different ant species often
tend the caterpillars in different habitats.

These variations suggested to me
that the calls of the caterpillars do not
attract particular species of ants. In-
stead they seemed to be general attrac-
tive signals to which many species
could potentially respond. To explore
that idea, I needed to study the calls of
caterpillars involved in obligate, spe-
cies-specific symbioses.

The best-documented cases of obli-
gate caterpillar-ant symbioses involve
the European lycaenid genus Maculin-
ea, which has caterpillars that are para-
sites of specific Myrmica ants. The work
of Thomas and his co-workers in Europe
has unraveled an amazingly complex set
of Maculinea life histories, only part of
which I will describe. When these cater-
pillars reach their third instar, they fall
off their food plant and are picked up
by a Myrmica ant. The caterpillar is then
carried into the ant’s nest, where it
turns carnivorous and eats ant larvae.
Although any Myrmica ant species will
carry any species of Maculinea cater-
pillar into the nest, each species of ant
allows only one caterpillar species to
complete its life cycle within the nest;
the ants eventually kill any other type
of predatory caterpillar. As one might

imagine, the selection pressure on Mac-
ulinea caterpillars to form symbioses
with the appropriate species of Myrmi-
ca ant is extremely strong.

I decided to investigate whether the
calls of these caterpillars were more
similar to those of their specific hosts
than to those of other ants. In collab-
oration with Thomas and Reginald B.
Cocroft of Cornell University, I recorded
and analyzed the calls produced by vari-
ous Maculinea caterpillars and Myrmica
ants. Each species of caterpillar and ant
produced distinctive calls, but we found
no obvious evidence that the calls of the
caterpillars had evolved to resemble
those of their obligate ant hosts.

Our observations supported the idea
that caterpillar calls attract ants in gen-
eral, not one species in particular. Once
the ants are in attendance, the calls act
along with other ant organs to maintain
a constant guard of ants. In the Maculin-
ea-Myrmica systems, chemical cues are
probably most important for governing
the species-specific symbioses.

ecause the symbioses between
B caterpillars and ants are so re-

markable, I became curious about
how these structures and the phenom-
enon of myrmecophily evolved in cat-
erpillars. Among the thousands of but-
terflies and moths in the order Lepi-
doptera, the ability of caterpillars to
form symbioses with ants is unknown
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VIBRATORY PAPILLAE extending over
the caterpillar’s head from the first seg-
ment of the thorax help the insect to
produce an acoustic call that attracts
ants. Each papilla is a rod covered by
concentric grooves. When the caterpillar
moves its head in and out, microscop-
ic granulations or bumps on the head
slide across the grooves, producing vi-
brations (left). In form and function, the
vibratory papillae and the head granu-
lations resemble a guiro, a musical in-
strument that is played by sliding a rod
across a carved gourd (above).

outside the lycaenoids. The Riodinidae
and Lycaenidae families show many
parallels in their biology. Myrmecophil-
ous caterpillars in both groups pro-
duce food secretions, chemical signals
and acoustic calls. Conversely, nonmyr-
mecophilous species lack all or some
of these behaviors and the associated
ant organs. They are always mute, for
example, even if they are closely relat-
ed to calling, myrmecophilous species.

Taken together, these patterns ap-
pear to refute an old hypothesis about
the evolution of caterpillar-ant sym-
bioses and to support a new one. Forty
years ago, in a review paper on myrme-
cophilous Lepidoptera, Howard E. Hin-
ton of the University of Bristol, Eng-
land, made three explicit points about
the evolutionary history of these spe-
cies. First, he maintained, myrmecophi-
ly evolved just once in butterflies; sec-
ond, myrmecophily is a primitive trait
held over from that one event; third,
the ability to form symbioses with ants
has been lost in some lineages of rio-
dinids and lycaenids.

A comparison of the riodinid and ly-
caenid caterpillars with each other and
of both types with other Lepidoptera
suggests an evolutionary history that
differs greatly from what Hinton envi-
sioned. Although riodinid and lycaenid
caterpillars have ant organs that se-
crete food and chemical signals, these
organs develop on different body seg-



ments in each group. Lycaenid caterpil-
lars produce calls, but they do not have
vibratory papillae; the ant organs with
which they call are still unknown. The
ant organs of the riodinids and the ly-
caenids are therefore analogous but
not homologous—they are similar but
not evolutionarily related to each other.
Comparative morphology alone thus
suggests that myrmecophily evolved at
least twice in butterflies: once in the ly-
caenids and once in the riodinids.

Moreover, the specific mechanisms
mediating the symbioses may have
evolved at least three times. Caterpillars
of the riodinid genus Eurybia make calls
and form symbioses with ants, but like
lycaenids, they do not possess vibratory
papillae. That fact implies that the abili-
ty of butterflies to produce calls must
have evolved at least twice among the
riodinid caterpillars alone.

The nonmyrmecophilous species are
also instructive about the evolution of
caterpillar-ant symbioses. The vast ma-
jority of butterfly and moth caterpil-
lars bristle with spines, hairs or special
behaviors that keep ants away. Lycae-
noid caterpillars that do not associate
with ants also have long hairs and lack
ant organs. Overall, the species of rio-
dinids and lycaenids that do not estab-
lish symbioses with ants are more simi-
lar to most Lepidoptera than to their
own myrmecophilous cousins. This
fact, too, suggests that myrmecophily
evolved in lycaenoid butterflies at least
twice and that the trait appeared rela-
tively recently.

look at the ants helps to explain
some aspects of the develop-
ment of the symbioses. Despite
their apparent outward similarity, ant
species are finely tuned specialists. For
example, some ants have expandable
abdomens for storing fluids and spend
their lives hanging inside the nest as
living canteens; army ants specialize in
hunting and capturing certain kinds of
arthropods; leaf-cutting ants are expert
at chopping leaves into mulch for their
underground fungus gardens. The ten-
dency toward specialization among ants
is so well established that species are
often divided into four general catego-
ries by their diets: predators, scaven-
gers, seed eaters and other herbivores,
and harvesters of secretions.

Most studies on the evolution of
myrmecophily have considered all ant
species as exclusively either predators
of caterpillars or potential mutualists
with them. To the contrary, however,
my observations showed that relatively
few of the more than 100 ant species
at my study site in Panama either cared
for or preyed on caterpillars. When I of-

How a Caterpillar Manipulates Ants

yrmecophilous caterpil-

lars exploit the social and
symbiotic behaviors of ants for
their own purposes. Each of
the specialized ant organs on
the caterpillar promotes a sym-
biosis with ants in a particular
way, either by mimicking the
signals with which ants com-
municate or by offering fluids
as symbiotic plants do.

TENTACLE ORGANS

RELEASE CHEMICALS

THAT SIGNAL

. /ANTS TO DEFEND
AGAINST PREDATORS

\

VIBRATORY
PAPILLA

VIBRATORY PAPILLAE
PRODUCE ACOUSTIC
CALLS THAT

ATTRACT ANTS

NECTARY ORGANS

OF FER NOURISHMENT
THAT KEEPS

ANTS NEARBY
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INTERLOCKING SYMBIOSES are common because few species of ants tend other
organisms. In any one habitat, plants, caterpillars and other insects, such as aphids,
are all likely to engage in symbioses with the same ant species. Ironically, the shar-
ing of symbiotic ants may allow these myrmecophilous insects to feed on plants
that the ants otherwise protect from herbivorous insects.

fered riodinid and lycaenid caterpillars
to an assortment of ants, a few species
killed the caterpillars and a few tended
them, but most simply ignored them.

What unified all the ant species that
tended caterpillars was their feeding
ecology: much of their time was spent
actively harvesting the secretions pro-
duced by insects in the order Homop-
tera and by plant extrafloral nectaries,
in addition to those of butterfly cater-
pillars. The pattern found locally in Pa-
nama soon proved to be pertinent on a
much larger scale. Less than 10 percent
of all the ant genera in the world asso-
ciates with butterfly caterpillars, and
this minority of ants also tends other
secretion-producing insects and plants
with extrafloral nectaries. Ant species
that are general predators, specialist
predators of arthropods, or herbivores
and seed eaters are conspicuously ab-
sent from the list.

In short, regardless of the geographic
locality—whether it be a rain forest in
Ecuador, the Serengeti plains, a chalk
down in England or Central Park in
New York City—the ants that tend cat-
erpillars also protect other secretion-
producing insects and plants at the
same site. In any one habitat, caterpil-
lars, homopteran insects and plants
may all establish symbioses with ants,
but if they do, they will share the same
ant symbionts.

The observed patterns suggest that
historically only a small fraction of the
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total ant diversity may ever have been
involved in the evolution of symbioses
with caterpillars. In all probability, these
few ants favorably influenced the evo-
lution of insects and plants that had the
ability to produce secretions. Once se-
cretions became important in the diet
of particular ants, any other insect or
plant capable of producing secretions
could have easily garnered ants as body-
guards, thereby promoting the evolu-
tion of new symbioses with ants.

r I Y he dynamics of the symbioses be-
tween butterfly caterpillars, oth-
er secretion-producing insects,

plants and certain ants bring to mind a

further evolutionary concept. Because

myrmecophilous insect herbivores and
plants use the same ants as mobile de-
fenses, they may be competing for the
ants’ attention. For example, when This-
be caterpillars draft the ants on Cro-
ton plants as guards, they not only suc-
ceed in gaining their own protection,
they also circumvent the defense of the
plant: Thisbe caterpillars can feed on

Croton, whereas most other herbivorous

insects cannot. The caterpillars have in-

serted themselves into the ant-plant
symbiosis and subtly undermined it. It
is possible that the evolution of myr-
mecophily has permitted herbivorous
insects to invade and exploit symbios-
es between plants and ants.

The study of interacting species pro-
vides new perspectives on the natural
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world and forces us to look at sym-
biotic associations in a much more
dynamic context. My work began as a
simple description of the interaction
between Thisbe caterpillars and ants
and led to research on the specialized
ant organs that mediate their symbi-
oses. As typically happens in ecologi-
cal studies, a knowledge of other plant
and insect species soon became essen-
tial for even a rudimentary understand-
ing of the Thisbe-ant system. The inter-
actions and parallels between symbi-
oses resulted in findings relevant to
understanding insect-plant dynamics,
predator-prey interactions, insect com-
munication systems and the evolution
of symbioses involving insects, plants
and ants.

The study of ants and myrmecophil-
ous species has shown me a few of the
many interactions that can occur in na-
ture and brought me enormous enjoy-
ment. Yet having stood many times at
the edges of forests, looking across a
bleak landscape of deforestation, I think
that perhaps more than anything this
work has given me pause to reflect on
just how few symbiotic interactions
will ever be noticed or understood—
and on the countless that have already
been lost.
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Diamond Film Semiconductors

Thin sheets of diamond, grown from a low-pressure
gas and doped with impurities, may serve as the basis
for a new generation of electronic devices

by Michael W. Geis and John C. Angus

iamond is the hardest known
substance and the least com-
pressible. It is a better conduc-
tor of heat at room temperature than
any other material and, when free of de-
fects and impurities, one of the most
transparent. These qualities can be
traced to the material’s unusual bond-
ing: the atoms of a diamond crystal are
more densely packed than those in any
other known material. Furthermore, the
forces that tie the atoms to one another
are stronger than those in most solids.
In addition to their scientific inter-
est, such extreme properties make dia-
mond technologically useful. The gem
has found application as an industrial
abrasive, as a surgical cutting tool and
as a heat sink for cooling electronic
components. Researchers have also
shown that diamonds containing vari-
ous impurities function as semiconduc-
tors, although natural crystals are too
small and expensive for actual use.
That state of affairs is changing. Dur-
ing the past five years, workers have
developed a wide range of techniques
for laying down diamond films ranging
in thickness from more than a millime-
ter to as little as a few hundred atoms.
These techniques, some of which pro-
duce large, flat crystals, could make di-
amond semiconductors practical. The

MICHAEL W. GEIS and JOHN C. ANGUS
study the deposition and characteristics
of diamond films. Geis works at the Mas-
sachusetts Institute of Technology Lin-
coln Laboratory, where he has developed
diamond transistors and techniques for
etching circuit patterns into diamond.
He received a Ph.D. in space physics and
astronomy from Rice University in 1976.
Angus has been working on diamond
growth for more than 25 years. His group
at Case Western Reserve University syn-
thesized the first semiconducting dia-
mond films in 1971. Angus received his
Ph.D. in chemical engineering from the
University of Michigan in 1960.

resulting devices would be able to op-
erate many times faster than their sili-
con counterparts and at temperatures
up to 700 degrees Celsius, which would
destroy any other electronic device.

To turn that potential into reality, we
and many other researchers are re-
fining growth methods to produce larg-
er, higher-quality crystals. We and oth-
er workers are also investigating meth-
ods of introducing precisely controlled
impurities into diamond to render it
conductive and devising ways to etch
the material to form circuit patterns.

ver since the late 18th century,
E when Antoine Laurent Lavoisier

discovered that diamond is a crys-
talline form of carbon, experimenters
have tried to synthesize it. The first to
succeed was William G. Eversole of Un-
ion Carbide, who, late in 1952, grew dia-
mond seed crystals from carbon mon-
oxide and hydrocarbon gases at moder-
ate pressure. Most of the earliest efforts,
however, were directed toward high-
pressure processes that could convert
graphite into diamond.

Graphite is the most stable form of
carbon under normal conditions, but at
pressures of approximately 60,000 at-
mospheres and at temperatures exceed-
ing 1,500 degrees Celsius, diamond is
the thermodynamically stable phase.
Natural diamonds appear to have crys-
tallized under similar pressures. In high-
pressure growth processes, carbon is
dissolved in a molten transition metal
that serves as both a solvent and a cat-
alyst; over time, diamond crystals nu-
cleate and grow.

A Swedish group at Allmanna Svens-
ka Elektriska Aktiebolaget (ASEA) syn-
thesized diamond at high pressure in
1953, but inexplicably they elected not
to make their discovery known. Gen-
eral Electric announced its success in
1955. High-pressure growth processes
require very expensive equipment, and
only the very largest industrial enter-
prises have undertaken them. The total
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production of diamonds is only about
100 tons per year.

During the time that high-pressure
diamond growth techniques were be-
ing refined, many workers regarded
low-pressure diamond synthesis as the
equivalent of transmuting lead into
gold—a violation of fundamental ther-
modynamic principles. Graphite is more
stable than diamond at low pressures,
the reasoning went, and so diamond
should not form, or if it did, it would
be immediately converted to graphite.
In fact, the existence of a more stable
form of carbon (graphite) does not pre-
clude the growth of the metastable one
(diamond). Metastable materials rou-
tinely form in nature. Indeed, the car-
bon that forms as soot from a candle is
also metastable; it is in an even higher
energy state than is diamond.

Materials can remain in a metastable
state indefinitely as long as the ener-
gy barriers that must be surmounted
to reach a more stable state are high
enough. The difference in energy be-
tween the carbon atoms in diamond and
those in graphite is only about 0.5 kilo-
calorie per mole, considerably less than
the energy necessary to melt margarine.
To transform diamond into graphite,
however, requires adding enough ener-
gy to break virtually all its bonds—in
effect to boil the diamond into vapor. If
diamond can once be made to form
from a low-pressure gas, it will not
readily transform into graphite.

Even though low-pressure diamond
growth was clearly not impossible, the
few workers who attempted it put their
careers in jeopardy. The history of the
field is rife with false starts and dead
ends. In addition to Eversole’s pioneer-
ing work at Union Carbide, General Elec-
tric also had a low-pressure diamond
synthesis program, but both companies
stopped work in the area after General
Electric announced success with high-
pressure synthesis. In 1956 Boris V.
Spitsyn, a graduate student at the Physi-
cal Chemistry Institute in Moscow, pro-



posed growing diamond by the thermal
decomposition of carbon tetraiodide
~onto diamond seed crystals. And in
1959 one of us (Angus), then a graduate
student at the University of Michigan,
proposed several similar methods. None
of these proposals was made public,
and early workers were apparently un-
aware of one another’s endeavors.

By the mid-1960s the field was mori-
bund. Essentially the only sign of life
was a large body of patent literature in
which some of the claims bordered on
the ludicrous. Perhaps the most amus-
ing was the assertion that diamonds
could be grown by spinning a bicycle
tire so rapidly that the centrifugal forc-
es converted the carbon in the rubber
into diamond.

In 1965 Angus started work at Case
Western Reserve University. The object

of the research was to obtain convinc-
ing experimental evidence of low-pres-
sure diamond growth. Angus and his
colleagues reproduced Eversole’s results
within a year. To prove that what was
being synthesized was indeed diamond,
they added small quantities of diborane
to the methane source gas and grew
blue semiconducting diamond. (Oth-
er forms of carbon do not show this
effect when doped with boron.) The
growth rates, however, were too slow
to be commercially significant.

These low growth rates were caused
by what appeared to be an insoluble
conundrum: any changes in tempera-
ture or pressure that favored the depo-

sition of diamond favored the deposi-
tion of graphite even more. The key to
progress has been finding ways to sup-
press graphite formation, most often
by means of atomic hydrogen. Atomic
hydrogen reacts with any graphitelike
precursors to form molecular structures
more closely resembling the structure of
diamond. It also reacts with the free
dangling bonds on the diamond sur-
face, yielding a configuration of carbon
atoms more closely resembling the in-
terior of the crystal lattice. New carbon
atoms deposited on the surface are

DIAMOND LATTICE binds each carbon atom to four
others in a hexagonal lattice (blue). The strength of
these bonds and the resulting high density of atoms

are responsible for diamond’s remarkable proper-
ties. Substitution of impurities such as boron (green)
for some of the carbon atoms makes the diamond
a semiconductor.
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DEPOSITION CHAMBER for growing diamond films contains a substrate on which
the crystals will form, a tungsten filament and a gas-feed tube that supplies hydro-
gen gas and a simple hydrocarbon such as methane. The chamber is maintained at
about one tenth of atmospheric pressure. The filament heats the gases, breaking
their molecular bonds. The resulting atomic hydrogen etches away any carbon that
is deposited in the form of graphite and allows only diamond crystals to grow.
Workers have used microwave discharges and even oxyacetylene torches as alter-

natives to the tungsten filament.

then more likely to fit into the crys-
talline arrangement than they are to
bond amorphously or to form graphite-
like structures.

Angus and his colleagues at Case
Western Reserve first used atomic hy-
drogen in a cyclic fashion. They depos-
ited diamond and graphite, flushed the
surface with hydrogen to etch away the
graphite and then deposited more dia-
mond and graphite. They described the
method, which employed a hot tungsten
filament to dissociate hydrogen mol-
ecules, at a meeting in Kiev in 1971.
Subsequently, Soviet workers, under
the direction of Boris V. Deryagin of the
Physical Chemistry Institute, developed
a continuous process in which the hy-
drogen removed the graphite as it was
formed.

The Soviet work, reported in 1976,
was the first instance in which diamond
was formed on nondiamond substrates.
For the first time, the growth rate of the
material was sufficiently high to be of
practical interest. Although the Soviets
described the diamonds they had pro-
duced, they gave no details of the de-
position method, and so few outsiders
took the Soviet claims seriously. More-
over, about five years earlier the same
group had first announced and then re-
tracted the discovery of “polywater”—
an ostensibly polymerized form of wa-
ter whose behavior turned out to be the
result of impurities. This unfortunate
episode led to a great deal of skepticism
about the validity of claims of low-pres-
sure diamond growth from any source.

Between 1981 and 1983, however, a
Japanese group at the National Insti-
tute for Research in Inorganic Materials
in Tsukuba-shi revealed methods for
growing diamond films rapidly at sub-

atmospheric pressures. Nobuo Setaka,
Yoichiro Sato, Seiichiro Matsumoto and
Mutsukazu Kamo and their colleagues
used tungsten filaments and microwave
discharges to generate the atomic hy-
drogen required for growth.

These techniques are still the most
popular, but direct-current and radio-
frequency discharges are now also be-
ing employed. In a most noteworthy in-
novation, Yoichi Hirose of the Nippon
Institute of Technology has deposited
diamond from the flame of a slightly
fuel-rich oxyacetylene torch. The flame
produces both atomic hydrogen and
the low-molecular-weight hydrocarbons
that condense into diamond.

fter the Japanese advances, U.S.
Aand European organizations
quickly moved back into the
field. Benno Lux of the Technical Univer-
sity of Vienna organized the first Euro-
pean efforts in low-pressure diamond
growth. In 1984 Thomas R. Anthony
and Robert C. DeVries of General Elec-
tric reactivated the company’s low-pres-
sure diamond work, and Michael Pinneo
founded Crystallume in Menlo Park,
Calif., the first firm devoted entirely to
diamond-film manufacture. By 1985 the
U.S. Office of Naval Research was spon-
soring substantial work at Pennsylvania
State University, North Carolina State
University and the Massachusetts Insti-
tute of Technology Lincoln Laboratory.
Low-pressure diamond synthesis is now
being investigated in hundreds of labo-
ratories around the world.

The ability to grow diamond films
opens up the possibility of making dia-
mond-based semiconductors, but many
obstacles still must be overcome. The
first hurdle is the production of films
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actually suitable for diodes and transis-
tors. The vast majority of growth tech-
niques produce polycrystalline films
consisting of myriad tiny grains. The
atomic disorder at the grain bound-
aries makes these films unsuitable for
semiconductors.

One technique for making large, high-
quality films uses a template: a single-
crystal substrate of a material whose
crystal structure and atomic spacing
approximate that of diamond. This
substrate forces the diamond to grow
with a fixed crystallographic orientation.
Crystals of nickel, copper, silicon car-
bide, beryllium oxide and boron nitride
have suitable lattice spacings and have
been used as templates for growing di-
amond crystals, a process called het-
eroepitaxy. Thus far, however, diamond
crystals grown on substrates of the
first four materials are too small and
have too many defects to be used for
electronic devices. Some of the highest-
quality heteroepitaxial diamond has
been grown on boron nitride, but sin-
gle-crystal boron nitride substrates are
even more difficult to grow than single-
crystal diamond substrates.

Collaborators at Lincoln Laboratory,
Wayne State University, the Naval Re-
search Laboratory, North Carolina State
and Case Western Reserve have devel-
oped an alternative technique. They
employ an array of small seed crystals,
all of which have the same crystallo-
graphic orientation. Diamond deposit-
ed on top of the seeds maintains that
orientation.

The seeds are made in a few hours
by a standard high-pressure growth
process. Workers clean the crystallites
and then sort them by size and shape.
A series of meshes winnows the crys-
tals, leaving only those about one tenth
of a millimeter across. The uniformly
sized powder is poured onto a sloped,
vibrating table. Rounded crystallites roll
downward and are discarded, but the
vibration drives faceted crystals up-
ward and into a collection slot at the
top of the table.

While the seeds are being prepared,
workers use standard integrated-circuit
etching techniques to form a matrix of
pyramidal pits, each also about a tenth
of a millimeter across, on the surface
of a silicon wafer. Because silicon has
the same crystal structure as diamond,
the shape of the pits is an exact match
for the octahedral diamond crystals.

Workers suspend the seeds in a liquid
to make a slurry and immerse the wafer
in it. The seed crystals settle out, and
some of them lodge in the pits; the rest
are washed away. With well-faceted dia-
monds and careful control of the clean-



liness of the slurry, more than 95 per-
cent of the pits will contain diamonds
oriented within several tenths of a de-
gree of one another.

The workers then deposit a 250-mi-
cron-thick diamond layer on the array.
This step yields a continuous thick film
that is self-supporting when the sub-
strate used to hold and orient the dia-
mond seeds is etched away. The film
contains low-angle grain boundaries
because the seeds are never perfectly
aligned, but these boundaries do not
appear to compromise its electrical
properties. For many purposes, films
containing such boundaries are equiva-
lent to single-crystal substrates.

Diamond substrates produced by
this technique are among the largest
grown to date, up to an inch in diame-
ter. Standard semiconductor fabrication
equipment, however, requires circular
substrates two inches or more across.
Although growing films of that size
does not appear to present insuperable
difficulties, the experiment has yet to
be attempted.

nce diamond films attain the
O size and quality required for

electronic circuits, they must
be rendered conductive. In a perfect di-
amond crystal, each carbon atom is
bound to four others by the valence
electrons in its outer shell. To liberate
one of these electrons so that it is free
to conduct electricity requires 5.5 elec-
tron volts. This energy requirement is so
large that at room temperature perhaps
one or two electrons in a one-gram crys-
tal might be mobile; for practical pur-
poses, the material is an insulator.

If one of the carbon atoms in the lat-
tice is replaced by an atom that has
five valence electrons, the resulting ex-
tra electron is not strongly bound. It
can move and so renders the diamond
conductive. Conversely, if one of the
carbon atoms is replaced by an atom
with three valence electrons, a “hole” ap-
pears—a mobile, positively charged ap-
parent particle resulting from the ab-
sence of an electron where it is sup-
posed to be. Conductivity resulting from
extra electrons is called n-type because
the charge carriers are negative, and
conductivity resulting from holes is
called p-type.

Boron is the logical candidate for p-
type doping of diamond. It has three
electrons in its outer shell, one fewer
than the number needed to satisfy car-
bon’s bonding requirements. In addi-
tion, boron is immediately adjacent to
carbon in the periodic table, and so it is
small enough for incorporation in the
tight diamond lattice.

Boron doping of diamond, however,
is not very efficient. To move a hole
from the neighborhood of the boron
atom into the diamond lattice where it
can carry current requires 0.36 electron
volt. This is roughly 10 times the ther-
mal energy of the atoms in the lattice.
As a result, less than 1 percent of the
boron atoms in diamond contribute
holes to the semiconductor. If the bor-
on-doped diamond is heated, thereby
increasing the thermal energy, more
holes escape from the boron atoms,
making the material more conductive.

Unlike most semiconductors, dia-
mond can work better at high tempera-
tures: between 100 and 500 degrees
Celsius. This behavior is very different
from that of silicon, for example, in
which boron doping produces weakly
bound holes, most of which are free to
move at room temperature. Only under
the extreme cold of liquid helium will
resistivity rise as holes become bound
to boron atoms in these materials. (At
high temperatures, in contrast, many
of silicon’s bonding electrons become
mobile, making it impossible to control
conductivity.)

Although diamond is much more re-
sistive than silicon when it is doped to
the same boron impurity level, the close
match between the size of the boron
and the carbon atoms makes it possi-
ble to add far more boron atoms to the
lattice than is possible in other semi-
conductors. This increased doping lev-
el compensates somewhat for the high
binding energy of individual holes. In-
deed, doped diamond can conduct elec-

CARBON

HYDROGEN
o Q 9

(*}

tric current nearly as well as silicon can.

The converse problem, n-type doping,
is more difficult. Nitrogen would seem
the obvious choice because it has five
electrons in its outer shell and is adja-
cent to carbon in the periodic table. Fur-
thermore, nitrogen is a small atom and
readily dissolves in diamond. Yet each
extra electron is bound to its parent
atom with an energy of roughly 1.7
electron volts. At room temperature,
only a minuscule fraction of the extra
electrons is free to roam the crystal,
and so nitrogen is not an efficient n-
type doping agent.

Phosphorus also has five outer elec-
trons and would seem the next best can-
didate. Indeed, the limited experimental
evidence suggests that adding phos-
phorus does produce n-type semicon-
ducting diamond. Because an atom of
phosphorus is significantly larger than
one of carbon, however, it is impossi-
ble to dissolve any significant amount
of it in diamond. In short, n-type dop-
ing of diamond has thus far proved
ineffective.

As a result, most of the diamond-
based semiconductor devices that have
been made employ positive charge carri-
ers. To fabricate a transistor, for exam-
ple, one deposits in succession a layer
with a very high boron doping level (in
which perhaps a few percent of all at-
oms are boron), a lightly doped layer
and another heavily doped layer. The
top and bottom layers carry current in
or out of the device and generally have
low-resistance metal connections at-
tached to them. Current flow through
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SURFACE OF GROWING DIAMOND CRYSTAL is almost completely covered by hydro-
gen atoms (red). The bonds between the hydrogen and the carbon stabilize the po-
sitions of the surface atoms and so preserve the structure of the diamond lattice.
When simple hydrocarbons (shown above the surface) condense on the diamond,
the carbon atoms form a chemical bond and are incorporated into the diamond.
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the device is controlled by varying the
voltage on a gate electrode embedded
in the lightly doped middle layer.

The thickness and boron concentra-
tion of the middle layer determine the
maximum operating voltage and cur-
rent-carrying capacity of the device.
The thicker the film and the lower the
boron concentration, the higher the op-
erating voltage, but the lower the cur-
rent-carrying capacity. A device 15 mi-
crons thick and one centimeter square,
with a boron concentration of 1016 at-
oms per cubic centimeter (about one
boron atom per 20 million carbon at-
oms), can withstand up to 3,000 volts.
It has a resistance in the conducting
state of about 0.1 ohm; at 225 degrees,
its resistance falls to 0.01 ohm. It can
carry a current of 10,000 amperes at
3,000 volts.

Ithough workers can specify pre-
cisely both the thickness and the
boron level of diamond films,
the concentration of other impurities,
such as nitrogen, is more difficult to
control. Even one nitrogen atom per
billion carbon atoms can degrade a
film'’s electrical properties substantial-
ly. Yet such small concentrations are
almost impossible to detect using stan-
dard analytic methods. The develop-
ment of techniques for ensuring purity
is a prime concern for future diamond
development, next in importance only
to producing large crystals.

Not only is it difficult to control the
impurities in diamond films, but it is
not feasible to etch them using stan-
dard semiconductor manufacturing

EMITTER CONTACT

ELECTRODES
\

DIAMOND

techniques. Circuit patterns are gener-
ally cut into chips by means of a gas
that reacts with the substrate to form a
volatile compound. For example, oxygen
etches carbon-containing compounds
such as graphite or plastics by forming
gaseous carbon monoxide or carbon di-
oxide. The oxygen is adsorbed on the
surface of a substrate, and then a laser
or a beam of atoms that have been ac-
celerated to high speed supplies the
additional energy needed to initiate the
etching reaction.

Oxygen attacks diamond several or-
ders of magnitude more slowly than it
does graphite and other carbon-con-
taining compounds. The diamond sur-
face is relatively impervious to attack,
perhaps because very few oxygen at-
oms are adsorbed on it. When a beam
of fast atoms strikes the surface, there
is very little oxygen present to partici-
pate in etching.

Instead of oxygen, workers etching di-
amond employ nitrogen dioxide, which
is more easily adsorbed. Etching pro-
ceeds at more than 10 times the rate
obtained with oxygen alone. Further-
more, the layer of nitrogen dioxide ab-
sorbs most of the energy of the incom-
ing atomic beam. Thus, diamond does
not suffer the crystal damage that often
results from etching with fast atoms.

he electrical properties of dia-
mond make it particularly suit-
able for high-voltage transistors.
Diamond breaks down at electric fields
between 20 and 50 times those that trig-
ger uncontrolled conduction in silicon
or gallium arsenide. The higher break-

HIGHLY DOPED
DIAMOND

BASE CONTACT

COLLECTOR
CONTACT

SUBSTRATE

DIAMOND TRANSISTOR consists of three layers (yellow, green and yellow), each
doped with a different level of boron. The top and bottom layers (emitter and col-
lector) carry current into and out of the transistor. Current through the middle
(base) layer is controlled by a voltage applied to electrodes (blue) embedded in it.
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DEPOSITION of large, virtually defect-
free diamond films begins with diamond
seed crystals. The crystals are sorted by
size and shape by means of meshes and
a tilted, vibrating table (a). Meanwhile

down voltage means that the maximum
operating voltages of diamond transis-
tors will be proportionately higher than
those of similar transistors made of oth-
er materials. Moreover, a high-power,
high-voltage diamond transistor will be
smaller than its silicon or gallium ar-
senide counterparts of the same rating.
The shorter dimensions of the diamond
device mean that charge carriers have
less distance to travel and are simulta-
neously subject to a more intense elec-
tric field. As a result, it could operate
between 40 and 100 times faster than a
silicon or gallium arsenide device.

Diamond’s 5.5-volt band gap (a mea-
sure of the energy required to liberate
one of its bonding electrons) makes it
ideal in devices that must operate at
high temperatures. Diamond Schottky
diodes, which consist simply of a junc-
tion between metals and diamond, can,
for example, operate above 700 degrees
Celsius. Such a device could be used in
a digital engine controller or similar sys-
tem operating in a high-temperature en-
vironment. The same devices made in
silicon, whose band gap is only 1.1 elec-
tron volts, do not operate efficiently
above 150 degrees.

Diamond is also relatively unusual
among semiconductors in its ability to
form high-quality interfaces with sili-
con dioxide. In silicon, such interfaces
are the key ingredient of the metal-ox-
ide semiconductor field-effect transis-
tor (MOSFET), the most common type of
transistor used in computers and other
digital applications. A MOSFET consists
of a semiconductor coated with a layer
of silicon dioxide, on top of which lies
a metal electrode. Voltage applied to
the electrode produces an electric field
that penetrates the insulating silicon
dioxide and controls the concentration
of mobile carriers (either holes or elec-
trons) below. Because the conductivity
of the semiconductor is directly related
to the carrier concentration, the voltage
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an array of pyramidal pits is etched into a wafer of silicon
(b). When a slurry containing the seeds washes over the sub-
strate, the seed crystals settle into the pits with their facets
aligned within a fraction of a degree (c). Subsequent deposi-
tion of diamond produces a film that contains low-angle grain

on the electrode controls the current
flowing through the transistor.

The interface between silicon dioxide
and most semiconductors is not suit-
able for MOSFETs. When a voltage is
applied to an electrode on the silicon
dioxide, fixed charges quickly accumu-
late at the interface and cancel out most
of the electric field. The field does not
penetrate the semiconductor, and so
the voltage has little or no effect on the
concentration of charge carriers.

Several research groups have now fab-
ricated diamond MOSFETs. The MOSFET
is one of the structures most often used
in the design of integrated circuits. More
important, however, diamond MOSFETs
can work much more efficiently than
other kinds of diamond transistors. If a
negative voltage is applied to the gate
electrode, additional holes appear at
the interface between the silicon diox-
ide and the diamond. The current-car-
rying capacity of the device increases
to more than 10 times that achievable
by boron doping alone.

Diamond’s ability to make high-qual-
ity connections to other materials ex-
tends to metals as well. When inter-
est was first directed to the develop-
ment of diamond transistors, research-
ers feared that diamond, like many
other wide-band-gap semiconductors,
would make only poor-quality, high-re-
sistance contacts. High-resistance con-
tacts would compromise many of the
potential advantages of the diamond
transistors by limiting their current-
carrying capacity.

The resistance of a contact between
diamond and metal decreases as the
doping impurity level in the diamond in-
creases. Low-resistance ohmic contacts,
which allow unrestricted current flow
both in and out of the diamond, can be
made simply by using the highest prac-
tical doping impurity. Researchers at
the Naval Ocean Systems Center and at
North Carolina State University have

demonstrated that boron concentra-
tions of several percent result in low-re-
sistance contacts comparable to those
obtained in silicon.

Ithough solid-state circuits made
of diamond are clearly within
reach, the material’s ultimate fu-
ture may be in devices that more close-
ly resemble the vacuum tube than the
transistor. In addition to its other use-
ful electrical properties, diamond has a
stable, intrinsic negative electron affin-
ity. Conduction electrons can easily es-
cape from a diamond surface into a vac-
uum, provided that as they leave they
are replaced from another source. Ex-
pelling electrons from most materials
requires temperatures between 1,000
and 3,000 degrees Celsius, or electric
fields greater than 10 million volts per
centimeter. Semiconductors such as sil-
icon and gallium arsenide can be given
a negative electron affinity by coating
them with a thin layer of cesium, but
extremely small amounts of water or
oxygen can react with the coating and
destroy its effect.

Once free of the diamond surface,
these electrons can be accelerated by
an electric field, formed into a beam to
strike a target (perhaps a phosphor,
which will glow in proportion to the
current impinging on it) or modulated
by an external signal. So-called cold di-
amond cathodes could be used in small
gas discharge lamps, flat-panel comput-
er and television displays, and perhaps
even submicron triodes that would out-
perform conventional semiconductors.

One of us (Geis) recently fabricated
such cathodes. The prototypes are not
adversely affected by exposure to water,
oxygen or air. They operate at an esti-
mated current density of about 10 am-
peres per square centimeter, compared
with about 50 amperes per square centi-
meter for the hot cathodes employed
in vacuum devices such as cathode-ray
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boundaries at the meeting of diamond lattices growing out-
ward from each seed (d). These boundaries do not affect the
film’s electronic properties. Films as wide as an inch across
have been grown by this method, and the authors believe
larger films are also possible.

tubes or high-power amplifiers for ra-
dio and television transmitters.

Because neither heat nor excessive
voltage need be applied to force elec-
trons out of diamond cathodes, vacu-
um tubes containing them should not
be subject to the factors that limit the
life of conventional cathodes. Indeed,
the current-carrying capacity of a dia-
mond cathode is limited for practical
purposes only by the resistance of the
conducting substrate that supplies it
with electrons. In theory, these devices
could operate reliably at current densi-
ties of more than 1,000 amperes per
square centimeter.

At such current levels, they could be
the basis of subminiature vacuum tubes
that would have higher power and fre-
quency capabilities than do even dia-
mond transistors. Paradoxically, the
highly refined product of solid-state
electronics would lead to a resurgence
of the vacuum tubes that transistors
eclipsed more than 30 years ago.
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Scavenging and Human Evolution

Although meat eating helped to shape the evolution
of human brains, behavior and toolmaking, our early
ancestors seem to have been better scavengers than hunters

by Robert J. Blumenschine and John A. Cavallo

an the Hunter is a phrase that

rings. Who would not rather be

numbered with the lion than
with the vulture? Hunting seems nobler
than scavenging and, at first glance,
more profitable, too. What better way to
reaffirm our evolutionary success than
to portray our earliest hominid ances-
tors as mighty hunters? Many anthro-
pologists agree that eating the meat of

SCAVENGING OPPORTUNITIES differed by size, terrain, sea-
son and cause of death. Riparian woodlands probably offered
the best returns because the trees provided hominids with
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large animals helped to form the phys-
ical and social environment that select-
ed for the traits that most distinguish
humans from apes. But was that meat
acquired by predation or by scaveng-
ing? This question matters perhaps as
much as any in evolutionary studies be-
cause it touches on the definition of
human nature. Unfortunately, the an-
swer given by the theory of Man the
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Hunter is based more on sexual and
other prejudices than on the fossil rec-
ord and the ecology of finding food.
Scavenging has received little notice,
we believe, because many anthropolo-
gists have been too quick to project
current ways of life into the past. They
use hunter-gatherers, apes or carni-
vores as surrogates for aspects of early
hominid life that have been obscured

refuge and hid carcasses from vultures. Arboreal leopard kills
(1) were probably available year-round; lion kills (2) came
mainly in the dry season. Saber-toothed cats seem to have



by the passage of time—a practice that
strips the hominids of the very adap-
tations that made them unique. Advo-
cates of the hunting theory also elevate
hominids above other organisms, as if
our ancestors were immune to most of
the pressures that shape relations be-
tween predators and prey. In all these
matters, they assume that early homi-
nids found hunting to be bountiful, pre-
dictable and safe and scavenging to be
marginal, opportunistic and risky.

Our research reaches quite different
conclusions. Scavenging may have been
more common than hunting two million
years ago, at the boundary between the
Pliocene and Pleistocene epochs. Flaked-
stone toolmaking, the practice of butch-
ering large animals and the evolution
of big-brained Homo all make their first
known appearance in the physical rec-
ord at this time. Because much of the
evidence lies at such east African sites
as Olduvai Gorge in Tanzania, we at-
tempted to learn how to decipher the
residues of ancient subsistence patterns
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left large carcasses (3) in these habitats in all seasons. Open-
country Kkills of lions, cheetahs (4) and hyenas (5) were less
attractive to hominids, who lagged behind the vultures and

ROBERT J. BLUMENSCHINE and JOHN A.
CAVALLO collaborate in the study of ear-
ly hominids at Rutgers University. Blumen-
schine, an associate professor of anthropol-
ogy, specializes in the archaeology of hu-
man origins, particularly diet and foraging
behavior. He co-directs archaeological re-
search at Olduvai Gorge, Tanzania, and has

also done archaeological and related wild-
life research in Ethiopia and India. Cavallo,
a doctoral candidate in anthropology, di-
rects the Rutgers Center for Public Archae-
ology. He has studied leopard behavior in
Serengeti National Park, Tanzania, and con-
ducted research into prehistoric Native
American hunting and fishing economies.

at nearby game reserves: Tanzania’s Ser-
engeti National Park and Ngorongoro
Conservation Area. We also tried to test
objectively the prevailing notion that
scavenging would have been inferior to
hunting.

In independent stints over a period
of 20 months, we noted how predators
and scavengers got their meat and
what they did to the bones they left be-
hind. Our fieldwork thus united etholo-
gy with taphonomy—the study of how
postmortem events alter carcasses in
the fossil record. Further, we integrated
these results with paleontological and
archaeological evidence for the behav-
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ior of protohominids. This approach
reads into the past only those aspects of
present behavior and ecology that leave
preservable residues. It thus avoids a
wholesale imposition of the way of life
of a modern species that happens to
suit one’s ideals.

That no substitute exists in anthropol-
ogy for such actualistic studies may be
demonstrated by what zoologists have
shown about the behavior of the hye-
na—the popular symbol of scavenging—
and the lion—the prototypical preda-
tor. Until 30 years ago, no one con-
ceived that each carnivore both hunts
and scavenges. If biases can so cloud
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hyenas and had no place to escape from larger carnivores.
Drownings (6) and starvation (7) afforded windfall opportuni-
ties, not all of which were safe to exploit.
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SCAVENGING ON THE OPEN PLAIN requires speed and
strength beyond what early hominids possessed. These spot-

the truth about living carnivores, how
much more careful must scientists be
in reconstructing the subsistence of ex-
tinct hominids?

The theory of Man the Hunter has
never been constrained by fossil evi-
dence. Charles Darwin was the first to
present hunting as the behavioral cata-
lyst that selected for an enlarged brain,
tool use, reduced canine teeth and bi-
pedalism, thus splitting the lineages of
humans and apes. He laid out his hy-
pothesis in The Descent of Man (1871),
before any fossils earlier than the Nean-
derthals had been found. When more
ancient specimens turned up in the early
decades of this century, workers linked
them directly to Darwin’s scheme. Ray-
mond A. Dart, discoverer of the Austra-
lopithecus genus, spent some 30 years
trying to show that this hominid could
have hunted the animals whose bones
were so often found mingled with its
own. To circumvent the problem of the
absence of stone tools at these sites,
Dart invoked an “osteodontokeratic”
tool and weapon kit made from animal
bones, teeth and horn.

This interpretation gained popular
support in the many accounts of hu-
manity’s “killer ape” forebears. It fell
apart, however, under the critical tests
of the pioneering taphonomist C. K.
Brain of South Africa’s Transvaal Muse-
um. He showed that the australopithe-
cines had played no role in gathering
the bones of the animals found in as-
sociation with their own skeletons. In-
stead, these studies suggested, both
hominids and ungulates had ended to-

gether when the leopards that hunted
them discarded their carcasses at the
base of their favored feeding trees. Yet
the hunting hypothesis remained intact;
now, however, it was made to apply to
the later stage in evolutionary history
that began with the appearance of large-
brained Homo habilis.

r I Yhe arguments for this theory
reached full flower in the papers
collected in Richard B. Lee and Ir-

ven DeVore’'s Man the Hunter (1968).
The contributors sketched the follow-
ing scenario. Protohominids encroach
on the savanna by eking out their ac-
customed vegetarian diet with increas-
ing amounts of hunted flesh. Hunting
puts a premium on foresight and dex-
terity, selecting for larger brains and
nimbler hands. These traits increase
the capacity for technology, raising the
payoff of intelligence and augmenting
the original selective pressure. Hunt-
ing becomes the engine of a self-sus-
taining cycle of social and intellectual
evolution.

This theory prevailed until the late
1970s, when an influential article by
the late Glynn Isaac shifted the empha-
sis from the gathering of meat to the
sharing of it [see “The Food-Sharing Be-
havior of Protohuman Hominids,” by
Glynn Isaac; SCIENTIFIC AMERICAN, April
1978]. Isaac, an archaeologist at the Uni-
versity of California at Berkeley, showed
that early hominids had home bases—
a behavioral innovation—which, he ar-
gued, implied a sexual division of la-
bor—another innovation. To enhance
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ted hyenas reached this lion kill before vultures stripped it
and could outrun any lion that might return.

the omnivorous strategy, males ranged
far in search of scavengeable meat or
hunted quarry, females gathered fruits
and tubers nearer home and families
shared the take. Eventually this altruis-
tic behavior and social cooperation be-
gan to select for intelligence, language
and culture.

Lewis R. Binford, now at Southern
Methodist University, carried such anal-
ysis further in 1981. In a taphonomic
reanalysis of Mary Leakey’s data from
the early Olduvai bone assemblages,
Binford argued that neither hunting
nor food sharing had evolved by H. ha-
bilis times. Hominids had merely pro-
cessed the meager leftovers of more
capable carnivores by breaking open
bones to get at the marrow. He said
scavenging could not have provided the
surpluses of meat needed to sustain
food sharing. Instead the social and nu-
tritional aspects of protohominid feed-
ing resembled the mainly vegetarian di-
ets of modern apes.

Binford later argued, on similar
grounds, that even the early modern
Homo sapiens of southern Africa and
the contemporaneous Neanderthals of
Europerelied on scavenging to get large
animals and hunted only small ones.
Thus, Binford, too, retained the hunt-
ing hypothesis by moving it closer to
the present—within the past 100,000
years. His reconstruction accepts that
scavenging was a penurious enterprise
and that hunting and its attendant pat-
tern of food sharing was a driving evo-
lutionary force, albeit one that took ef-
fect very late in our evolution.



We began our critique of this entire
approach by appraising the hunting
prowess of early hominids. The phy-
siques of Australopithecus and early
Homo were unprepossessing. Females
stood about four feet tall, males under
five; females weighed about 70 pounds
and males around 100. Their long arms
suggest they still took refuge in trees.
No doubt they had frequent occasion to
do so, confronted as they were by such
proficient predators as lions, saber-
toothed cats and hyenas. As for their
tools, even Homo wielded a very primi-
tive kit of rough-hewn scrapers and un-
worked hammerstones. No true weap-
ons are apparent.

Yet the archaeological evidence shows
that these puny primates encroached
on the large carnivores’ niche. At Oldu-
vai and elsewhere, archaeologists have
found simple stone artifacts in associ-
ation with fossilized bone fragments
from animals as small as a gazelle and
as big as an elephant. Surfaces of some
of these bones bear the tooth marks of
carnivores. Some of these and other
bones also carry cut marks made when
the associated tools were used to re-
move meat and disarticulate bones.
Many bones are fractured and marked
by a hammerstone, used to get at the
marrow. Could protohumans have killed
animals as fleet and formidable as
these? We think scavenging deserves a
closer look.

Proponents of hunting have argued
that a diurnal hominid would have had
difficulty in locating the kills of wider-
ranging predators and that any they
might have chanced on would have
been thoroughly eaten by hyenas, the
only animal that can crush bones for
marrow with its teeth. But these argu-
ments miss two scavenging opportu-
nities that we identified in Tanzania—
big-cat kills in riparian woodlands and
the carcasses of very large animals that
die of disease or by drowning. Homi-
nids foraging in this habitat may have
pieced together a niche no other scav-
enger could exploit so well [see illustra-
tion on pages 90 and 91].

iparian woodlands would have
R suited partially arboreal bipeds

by providing sanctuary and by
hiding carcasses from vultures, the lead
spotters of the scavenger tribe. Large
ungulate carcasses crop up in these re-
gions mainly in the dry season, when
lions abandon their defleshed, zebra-
size kills. Leopard kills, on the other
hand, consist of smaller ungulates and
are available year-round. These kills are
shielded best of all because they are
typically stored in trees. Two million
years ago saber-toothed cats may have

provided hominids with a third oppor-
tunity, also in riparian woodlands. Kills
of these extinct predators would have
provided very large carcasses and
abundant meat.

We hypothesize that scavenging may
have been most important in the dry
season, when plant foods are scarcest
and scavenging opportunities are most
diverse. Aside from leopard kills, wet-

season predation does not have the pre-
dictable riparian focus but instead is
scattered in broader and more open
habitats. Hyenas are quick to find and
consume these exposed carcasses. Be-
cause scavenging may have made car-
nivory and herbivory seasonally com-
plementary feeding strategies, we do
not assume—as proponents of Man the
Hunter do—that getting meat was the

VANISHING WILDEBEEST illustrates the seven stages of scavenging. Only hyenas
and tool-using hominids can exploit carcasses of this size beyond stage four by
breaking limb bones for the marrow and opening skulls for the brains. In his study
of FLK Zinjanthropus, an east African archaeological site dated to about two mil-
lion years ago, Henry T. Bunn of the University of Wisconsin at Madison found a
preponderance of head and limb bones. The finding matches stage 4, suggesting
that the hominids scavenged defleshed carcasses.
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Primeval Cutlery

B utchering implements includ-
ed flakes to strip tissues
(top) and hammerstones to break
bones. Such tools are classed as
Oldowan because they appear in
the early levels at Olduvai Gorge.
The succeeding Acheulean tech-
nology is exemplified by a very
refined hand ax (bottom).
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core of hominid adaptation. As dental
evidence suggests, hominids have al-
ways been omnivores. The mere exis-
tence of stone tools and animal bones
does not demonstrate that meat eating
was common.

et scavenging may have made
Ythe dry season a time of plen-

ty. It is then that starvation and
predation produce many carcasses.
Even the most marginal abandoned
lion kill, retaining only marrow and
brain, could provide much more than
an adult’s daily caloric requirements
at the cost of half an hour’s effort
with a hammerstone. This rate of food
return is higher than can be obtained
by harvesting plants. If efficiency guid-
ed foraging decisions, hominids would
have always preferred scavenging to
harvesting, whenever scavenging was
possible.

This preference would have been
most marked at the height of the dry
season, when plant productivity reaches
its nadir and big-cat kills become pre-
dictable, shortening searches for these
resources. A similar economy applies in
the comparison with hunting: less ener-
gy is spent in picking one’s food out of a
tree or up off the ground if one does not
first have to chase it.

Scavenging also incurs less risk than
hunting. Any meat that attracts homi-
nids can also attract lions, which, when
they arrive, may ignore the dead in or-
der to pursue the living. Our research
showed, however, that large carnivores
often leave certain classes of carcasses
unattended for long periods. In the in-
terim, the sites would have been safe.

Defleshed lion kills in riparian wood-
lands are particularly safe. We found
that bone-crushing hyenas usually do
not discover these carcasses until a day
after they are abandoned by lions—a
good window of opportunity for any
hominid capable of wielding a hammer-
stone. Tree-stored leopard kills provide
more food (flesh as well as marrow) at
less risk, especially when the cache con-
tains several kills. Leopards tend to be
solitary, and even a baboon or chim-
panzee can sometimes scare one away.
Moreover, leopards often abandon their
kills voluntarily for as long as eight to
12 hours during the day, leaving some
of them in a complete condition. Hom-
inids in these woodlands would appear
to have faced no more danger in scav-
enging than in foraging for plant foods
in the same regions.

But risks may have outweighed bene-
fits in the open plains, despite the plen-
tiful opportunities for displacing the
timid cheetah and jackal from their
kills, exploiting abandoned lion kills
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in wet periods and benefiting from nat-
ural deaths during drought. The rea-
son for this judgment is the scarcity
of trees, which deprived the arboreally
adapted hominids of sanctuary. Yet this
drawback applies with at least equal
force to hunting. Big herbivores have
ways of defending themselves, and
even if one can be killed, the conspicu-
ousness of the killing quickly attracts
scavengers. Many of these would have
been more than a match for rock-wield-
ing bipeds.

Hunting enthusiasts might respond
that game is more wholesome than car-
rion. In the Serengeti, however, we found
that few carcasses left on the ground
retain scavengeable food as long as 48
hours, the time it takes for putrefac-
tion to set in. But even then, most edi-
ble tissues remain encased in skin or
bone that excludes insects and other
postmortem disease vectors. Even car-
casses produced by “natural” death gen-
erally carry no dangerous parasites, be-
cause most such deaths result from
malnutrition, not disease.

Scavenging has also been faulted as
nutritionally unsound. John D. Speth of
the University of Michigan has suggest-
ed that animals that died of hunger
would provide protein without enough
fat for balance, a diet that can lead to
a form of starvation. (Backwoodsmen
called it “rabbit fever” because it came
from living exclusively on rabbits and
other lean game.) Yet hominids have al-
ways gotten most of their calories from
the carbohydrates and oils of plants,
and the most regular dry-season scav-
enging possibilities are predator kills
of animals with fat in their marrow.

Which came first, scavenging or hunt-
ing? Answers have been proffered on
ethological grounds, only to be contro-
verted by new evidence. Hunting was
uniquely human until Jane Goodall doc-
umented it in chimpanzees. Scavenging
was beneath the dignity of a primate
until workers discovered chimpanzees
and baboons usurping the kills of chee-
tahs and leopards. It was foreign to hu-
man nature until 1988, when an ethno-
graphic study of 20 years’ duration doc-
umented avid scavenging by the Hadza
and San foragers of sub-Saharan Africa.
The delayed observation testifies to the
prejudice against scavenging.

The earliest hominids probably scav-
enged and took small prey with their
hands, as chimpanzees and baboons do.
Only their next step was unique: they
began to use tools to butcher large car-
casses that nonhuman primates cannot
exploit. The difficulty of this leap belies
the charge that scavenging offers no
challenge that might select for human
qualities.



Our fieldwork suggests that scaveng-
ing is not at all easy for a slow, small,
dull-toothed primate. To locate scav-
engeable carcasses before others did,
we had to learn how to interpret the di-
verse cues to the presence of a carcass
in riparian woodlands. They include the
labored, low-level, early-morning, bee-
line flight of a single vulture toward a
kill; vultures perched in mid-canopy
rather than at the crown of a tree, where
they nest; appendages of a concealed
leopard or of its kill dangling from a
branch; and tufts of ungulate hair or
fresh claw marks at the base of a leop-
ard’s feeding tree. At night, the loud
“laughing” of hyenas at a fresh kill, the
panicked braying of a zebra being at-
tacked, the grunting of a frightened
wildebeest—all serve notice of where to
find an abandoned carcass when morn-
ing comes.

Higher primates make “mental maps”
of their ranges and use them to pre-
dict where the next batch of fruit will
ripen. Hominids might have applied
this ready-made skill to predict the
future availability and location of car-
casses. We learned how to do it, with
great effort. Every day we monitored
the movements, hunting and feeding
schedules, and belly sizes of predators,
as well as the general activity of their
prey. Apart from its possible nutrition-
al payoffs, hominids might have used
such information routinely to avoid
predators.

vanced, however, unless scaveng-

ing also selected for social co-
operation. Scavenged carcasses that
fed only one individual, leaving no sur-
plus to share, would probably have pro-
moted competition. But if our research
results are correct and big-cat kills
gave early hominids a food surplus,
then Isaac’s model of cooperative for-
aging, processing and food sharing
would work. Similarly, if such carcass
foods did not usually coincide with
plant foods, the emergent social skills
might have expanded to include a divi-
sion of labor, with corporate foraging
about a common home base. To add to
our ancestors’ challenges, one need
only hypothesize that they generally
found carcasses in one place and stone
for butchery tools in another. Uniting
the tools with their objects would have
thus required deep planning depth,
detailed mental mapping and social
cooperation.

West African chimpanzees are the
only nonhuman primates that have
enough planning depth to bring stone
tools to food sources, as they do when
they transport stone hammers and

S ocial skills would not have ad-

anvils to break the hard nuts of kola
and Panda trees. Still, they do not car-
ry the stone very far—H. habilis trans-
ported stone as far as 10 kilometers
(six miles)—and the nuts are not nearly
as ephemeral as the scavengeable car-
casses the early hominids butchered.
Technological skills necessary for ex-

ploiting most scavenging options are
embodied in the earliest, Oldowan, tool
kit [see box on opposite page]—sharp-
edged stone flakes to deflesh and dis-
articulate and natural cobbles to break
marrow bones and skulls. No tools clear-
ly designed as weapons are apparent in
either this complex or those of the more
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CARCASS PERSISTENCE in the Serengeti varies by habitat and size. Large carcasses
on the ground outlast small ones, tree-stored kills outlast terrestrial ones and car-
casses in dense riparian woodlands outlast those in open woodlands and savannas.
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LEOPARD’S LARDER keeps carcasses out of reach and out of
sight to all except hominids. Because such tree-stored kills

sophisticated tools of the Acheulean
age, which ranged from 1.5 million to
200,000 years ago.

Such considerations lead us to con-
clude that Oldowan hominids may have
created a scavenging niche that can ac-
count both for the earliest assemblages
of tools and large mammal bones and
for many uniquely human traits as-
sumed to have arisen from hunting. A
scavenging option may have started as a
supplement to plant foraging, appear-
ing in the following stages.

Hominids may have begun eating
large animals long before Homo ap-
peared. Australopithecus could have pio-
neered the strategy when it occupied the
savannas and woodlands that became
widespread by six million years ago,
in the wake of global climatic change.
These open environments would have
offered far better scavenging opportu-
nities than the closed woodlands and
forests of hominid predecessors—habi-
tats in which the apes have remained
to this day.

The earliest hominids may have come
across defleshed kills while foraging for
plants in thin ribbons of riparian wood-
lands. These resources would require
only unmodified cobbles to extract the

remaining marrow and brain from their
bony cases. The butchery of these rich
sources of energy and protein might
have left a record that has so far eluded
archaeologists because it occurred be-
fore the invention of flake tools, whose
manufacture leaves a conspicuous lit-
ter of stone chips.

started to supplant hyenas by get-

ting to the kill first. This hypothesis
finds some confirmation in the extinc-
tion of several hyena species about two
million years ago. The advent of a flaked
stone technology by about 2.5 million
years ago may then have enabled hom-
inids to encroach on a new component
of the large mammal scavenging niche.
Now they could get flesh as well as
marrow. With flaked stone, hominids
held in their hands fabricated versions
of the flesh-shearing carnassial teeth of
carnivores. With them, the hominids
could butcher a leopard’s tree-stored
kills. The flesh from the much larger
prey of the saber-toothed cats would
also have been accessible, an observa-
tion that leads us to suggest that hom-
inids may have had something to do
with this species’ extinction some 1.5

If so, diurnal hominids may have
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may retain flesh as well as marrow, they would have been
particularly valuable to hominids with butchering tools.

million years ago. It may be significant
that these big cats persisted longer in
Europe and the Americas than in Afri-
ca, going extinct only after hominids
first colonized these continents.

Hunting of very small prey by hom-
inids may have been an ancient strate-
gy, and the late development of projec-
tile weapons made early H. sapiens a
predator more capable than any other
primate. But scavenging has probably
had a much more pervasive effect on
human evolution than has hitherto been
appreciated.
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TEACHING REAL SCIENCE
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Educators are planning
a revolution in science
teaching. They face
an uphill struggle.

of 20 teachers and academics

cloistered themselves in the
National Research Council’s Arnold
and Mabel Beckman Center in Irvine,
Calif. After two intensive two-week
spells of drafting and editing, they
produced proposals for a change in
U.S. education that would have been
unthinkable just a few years ago:
voluntary national standards for sci-
ence curriculums from kindergarten
through grade 12. Initial accounts of
the work in progress are to be pre-
sented at conferences as early as
this fall.

The effort has grown out of a
widespread conviction that precol-
lege mathematics and science educa-
tion in the US. is in such a grim state
that radical reforms are urgent. The
Carnegie Commission on Science,
Technology and Government, for ex-
ample, said last year that the failings
are “a chronic and serious threat to
our nation’s future.” The commis-
sion’s report observed that when 47
percent of the nation’s 17-year-olds
cannot convert nine parts out of 100
to a percentage and when 63 percent
of American adults think lasers work
by focusing sound waves, “we know
that science education in this coun-
try is not working.”

Teachers of all subjects complain
that classes are too large and that
they have too little time to prepare
lessons. But science is hit particular-
ly hard by inadequate teacher train-
ing and by shortages of funds to buy
essential and increasingly costly sup-
plies. In addition, science teachers
have to contend with uninspiring,
error-filled textbooks that are often

r I Yhis past June, a select group

SCIENCE IS FUN when youngsters do experi-
ments. Those here will use a computer linked
to the National Geographic Kids Network to
share findings with others around the world.
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designed with an eye more to the reli-
gious sensitivities of adoption commit-
tees in key markets such as Texas and
California than to accuracy. All these
factors have conspired to produce a sys-
tem that actively discourages young-
sters from pursuing technical subjects.

Worse yet, aversion to science is not
merely socially acceptable among high
school students, it is positively hip. The
National Assessment of Educational
Progress, a congressionally mandated
study, reported this year in “The 1990
Science Report Card” that the propor-
tion of students answering “No” to the
question “Do you like science?” actual-
ly increases between grades 4 and 12,
from 20 to 35 percent. “We are violat-
ing the Hippocratic oath to first do no
harm,” says Douglas A. Lapp, director of
the National Science Resource Center in
Washington, D.C., which promotes edu-
cational reforms.

The academics, scientists and teach-
ers who met in Irvine hope the consen-
sus they are seeking on curriculum stan-
dards for science will by 1996 provide a
yardstick to accomplish what years of
exhortation have failed to do. Their un-

stated goal is to convince school dis-
tricts to do nothing less than throw out
most of their science courses and start
over. The curriculum standards are to
be “narrative descriptions of what every
student should understand about sci-
ence and its applications,” according to
the National Research Council (NRC),
which coordinates the effort. The coun-
cil is also overseeing the development of
standards for teaching and for assess-
ment. The teaching standards will de-
scribe “what teachers should know and
be able to do,” says Kenneth M. Hoff-
man, an NRC official who has long ex-
perience with science education. The
assessment standards will offer criteria
for evaluating students and courses.

Educators across the country, antici-
pating the arrival of the standards, are
already striving to produce teaching
materials that reflect both modern sci-
ence and current ideas about learning.
They are also, crucially, trying to pro-
vide teachers with adequate training to
use the materials.

Their work is being conducted against
a backdrop of repeated failures. When
Sputnik raced into orbit in October
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1957, its bleeping radio a beacon of So-
viet technological prowess, the U.S. re-
sponded by boosting precollege sci-
ence education. But the efforts fell into
disrepute. In the early 1970s the politi-
cal right in Congress attacked a course
on social science published by the Na-
tional Science Foundation (NSF) on the
grounds that it offended traditional val-
ues and represented federal interfer-
ence in states’ rights. The foundation’s
science education workshops for teach-
ers were discontinued soon afterward,
when studies failed to show they were
having any lasting effect. By 1982 the
NSF’s education programs had all but
petered out.

The Second Wave

Science education programs began
to flower anew in the mid-1980s, after
the publication in 1983 of an influen-
tial report by the National Commission
on Excellence in Education entitled “A
Nation at Risk.” The report prompt-
ed many states to increase high school
graduation requirements in math and
science, but by 1990 only four states
required the three years of basic sci-
ence recommended by the report. “We
seem to have a penchant for having
good ideas and then forgetting them,”
muses Senta A. Raizen, director of the
National Center for Improving Science
Education in Washington, D.C.

Looming behind the reform initiatives
is the question of how much society
is willing to pay for education. Many
school districts are suffering under se-
vere budget constraints. “You can't
change when you're in crisis,” says Kar-
en Worth, an educator at the Education
Development Center, Inc., in Newton,
Mass., and chair of the NRC working
group that is developing standards for
teaching science. The median expendi-
ture in 1989 per pupil in school dis-
tricts nationwide was close to $4,000,
but dozens of districts spent less than
half that amount, according to the De-
partment of Education’s National Cen-
ter for Educational Statistics.

In parts of Alabama and Missis-
sippi, books and desks are in short
supply, let alone computers. Poverty at
home is another daunting problem. The
Head Start program, which provides ear-
ly learning experiences for youngsters
from impoverished backgrounds, reach-
es less than 30 percent of at-risk chil-
dren, notes Leon M. Lederman, a Nobel
laureate physicist who has established
an academy for inner-city science teach-
ers who work in Chicago. The Carnegie
commission estimates that by the year
2000, one quarter of children in the
U.S. will be living in poverty.



P ublishers quail when they pick up The Textbook Let-
ter, the bimonthly bulletin of the California Textbook
League (PO. Box 51, Sausalito, CA 94966). William J. Ben-
netta, the bulletin’s combative editor, writes that with the

Addison-Wesley Life Science 1989:
It has many blatant, basic errors...
when one seeks evolution in the glos-
sary of Addison Wesley’s book, one
finds only: “See theory of evolution
by natural selection.” Doing that,
one sees:... “The idea proposed by
Charles Darwin that organisms have
changed gradually over a long period
of time. Darwin believed that helpful
variations developed by chance, but
that individuals with these variations
were then more likely to survive to
bear young and thus pass on the vari-
ation.” That is false.... The idea that
organisms have changed over time—
that they have undergone evolution—
did not originate with Darwin, is not
unique to Darwin, and is not the same
as the idea of natural selection....
(From a review by Ellen C. Weaver.)

The standard-bearers of the new re-
form movement insist that this time
things will be different. “These are going
to be everyone’s standards,” Hoffman
declares. Previous attempts to overhaul
science education, he says, failed to
concentrate on “systemic changes” that
influence the whole educational sys-
tem. “To change the system, you have
to affect all of it,” adds Jerome Pine, a
biophysicist at the California Institute
of Technology who has engineered a
successful science-teaching collabora-
tion with the Pasadena Unified School
District.

The approach advocated by Pine and
his co-revolutionaries emphasizes con-
tinuing in-service training for teachers
rather than one-shot courses that leave
them floundering when they return to
their often unsupportive schools. It also
places a high priority on improving the
way student learning is assessed. Teach-
ers say they deplore the practice of
“teaching to the test”—drilling into stu-
dents just the facts that are likely to
come up in an examination. But that
strategy seems to be common. “The
grip of standardized testing has trivial-
ized what counts as knowledge and de-
nied teachers’ own intelligence and
good judgment,” says an angry Eleanor
Duckworth, a childhood learning spe-
cialist at Harvard University.

Textbook Watchdog

Physical Science: The Challenge
of Discovery (D.C. Heath and Com-
pany, 1991): A book so poorly done
that it should be withdrawn.... After
telling us (on page 590) that “ancient
people found that charcoal burned
hotter than wood,” Heath’s writers an-
nounce: “This form of coal was used
for heating in areas where wood be-
came scarce.”... Physical Science is
a travesty of science...Page 156 says
that copper is useful in making sauce-
pan bottoms because its heat capaci-
ty is low—its “temperature rises mea-
surably [sic] with only a small amount
of added heat.” Just four pages later,
however, the reason for using copper
is that its thermal conductivity is high.
It seems that Heath’s writers are truly
befuddled.... (From a review by Law-
rence S. Lerner.)

One organization called the New
Standards Project is already drafting
questions for a nationwide examina-
tion system and is working on crite-
ria for calibrating other exams. The
group wants to avoid relying on the
multiple-choice tests that are now stan-
dard. Instead it seeks exams that as-
sess cumulative accomplishments and
performance on set tasks, as scout mer-
it badges do.

The independence of states and local
school boards is still a critical issue.
They provide 94 percent of the bud-
gets for schools and have traditionally
guarded with jealousy their right to
decide what is taught, as well as how it
is assessed. “The concept of national
standards was until recently something
people didn’t want to consider serious-
ly,” says Henry W. Heikkinen, a chemis-
try professor at the University of North-
ern Colorado who is chairman of the Na-
tional Research Council’s working group
on curriculum standards. But Hoffman
says, “Now I see far greater recognition
on the part of the major players that
they have to be part of the same effort.”

The political Rubicon was crossed at
an “education summit” convened by
President George Bush in Charlottesville,
Va., in 1989. (The gathering was chaired
by Governor Bill Clinton of Arkansas.)
Shamed by a dismal procession of stud-

SCIENTIFIC AMERICAN October 1992

© 1992 SCIENTIFIC AMERICAN, INC

exception of some books for advanced placement courses,
most textbooks are “wretched junk” written by “clowns
who know nothing about the subject matter.” Here are a
few extracts from the The Textbook Letter’s reviews:

Life Science 1989 (Macmillan Pub-
lishing Company): Page 9 presents...
a purely imaginary story about vitamin
C. “In the 1800’s,” the writers say,
some “biologists” conducted some
“tests” and found that sailors often suf-
fered from scurvy because “vitamin C
was missing from the sailors’ diet.” But
then, “When limes, lemons, and or-
anges (fruits with vitamin C) were
added to their diet, the symptoms dis-
appeared.” That is all false.... The di-
etary prevention of scurvy...was es-
tablished not by biologists but by
Dutch and British naval officers; these
included the famous Capt. James
Cook, who lived in the 1700s (not the
1800s). Further, the writers’ use of the
term vitamin C is anachronistic and
misleading. (From a review by Leigh-
ton Taylor.)

ies that showed in painful detail how the
U.S. has lagged most other countries in
math and science over the past decade,
the governors of all 50 states agreed to
sign on to the president’s ambitious
list of “National Educational Goals.”

Audacious would be nearer the mark:
one goal, for example, ringingly declares,
“By the year 2000, U.S. students will be
first in the world in science and mathe-
matics achievement.” As Frank B. Mur-
ray, dean of the College of Education at
the University of Delaware, points out, it
is not even clear what the goal of being
first means; simply figuring out how to
assess learning is controversial.

Most teachers would be pleased with
any sustained improvement, and edu-
cators have taken a generally pragmat-
ic view of the goals. Many seem to have
accepted the rationale offered by Diane
S. Ravitch, assistant secretary for edu-
cational research: “If you work toward
goals, you'll be a lot closer to them,” she
says. “The American system has never
had goals.”

Teachers, scientists and politicians
are, however, far less sanguine about
the strategy the “Education President”
offered last year for meeting the goals,
under the banner of “America 2000.”
Indeed, many educators see the pro-
gram as the result of cynical political
calculations rather than a serious anal-
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ysis of needs. Of the $770 million that
the administration requested for Amer-
ica 2000 in 1993, for example, $500
million is tagged to help states provide
vouchers that parents could use toward
the cost of a private school. “It’s a joke,”
says Bill G. Aldridge, executive director
of the National Science Teachers Asso-
ciation and the driving force behind its
effort to reform the science curriculum.
“Why didn’t they put that money into
poor urban school districts?”

Another high-profile component of
America 2000 is a plan to establish at
least 535 “model schools,” one or more

in each congressional district. Rollin
Johnson, a consultant to the Carnegie
commission, points out that districts
vary enormously, so putting a new
school in each one cannot be an effi-
cient way to effect change. A mere 250
of the 16,000 school districts in the
country educate 30 percent of the work
force. In any case, “just because you've
built a few hundred model schools
doesn’'t mean you've dealt with the
problem,” Raizen says.

Yet along with the voucher scheme
and the model schools, America 2000
also called for national standards in

Impatient Reformer

key disciplines, including math and sci-
ence. Whatever the misgivings about the
overall thrust, teachers and academics
realized the standards presented an op-
portunity. They decided they had better
get on board or get left behind. Frank
Press, president of the National Acade-
my of Sciences, secured the contract for
coordinating development of the stan-
dards for the NRC, the academy’s oper-
ating arm.

The science curriculum standards
that Heikkinen’s working group is now
fleshing out will leave local jurisdictions
plenty of flexibility, says presidential
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Science Teachers Association, is a determined ex-

physicist who was the force behind the associa-
tion’s curriculum reform campaign, Scope, Sequence and
Coordination. Aldridge came close to lining up his associa-
tion to design national curriculum standards, before bow-
ing out to let the National Research Council take charge.
But he has been criticized for writing spin-off textbooks
from Scope, Sequence and Coordination before the project
is completed.

Aldridge’s uncompromising stand on teaching basic sci-
ence has also led him into conflict with supporters of a
movement known as Science, Technology and Society
(STS). This philosophy seeks to make science palatable by
presenting it with societal issues. “We put the student at
the center of the problem,” explains Robert E. Yager, an
STS advocate at the University of lowa who is adapting

D

B ill G. Aldridge, executive director of the National

BILL G. ALDRIDGE emphasizes understanding.
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Aldridge’s core curriculum. But Aldridge has no time for
diluted science. “When | was teaching density, one third of
middle school teachers could not use the gradations on a
ruler to measure fractions of an inch,” he complains.
“They were the same ones who wanted to go off and
measure acid rain.”

Aldridge argues that traditional test questions fail to
probe real understanding. A typical example might be:
Which of the following gases must an animal breathe
in order to remain alive? A. Helium. B. Hydrogen. C. Ni-
trogen. D. Oxygen. Aldridge has devised some very dif-
ferent questions [see below]. But Rustum Roy, a profes-
sor of materials science at Pennsylvania State University
and a supporter of STS, retorts that Aldridge’s questions
are suitable only for future Ph.D.’s. “He is trying to make
better scientists, but we don't need any more scientists,”
Roy fumes.

1. Itis 11 P.M. in late September. When you look west,
slightly southwest, you see the moon just above the hori-
zon (about 15 degrees). Sketch a picture of how the
moon appears. If it is not a full moon, show which part of
the visible disk is dark and which part is illuminated by
the sun. Where will the moon be the next night at the
same time? Higher or lower in the sky?

2. The illustration below shows two coffeepots sitting on
alevel tabletop on the earth. Both are cylindrical and
have the same cross-sectional area. Which coffeepot
would hold the most coffee? Explain your answer.

) v

3. Suppose that you weigh a glass full of water. Then
you weigh an identical glass that is full of water but has a
wooden block floating in it. Which weighs more? Explain
your answer.

‘-\-\/;

[Answers on page 108]
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science adviser D. Allan Bromley. They
will not, for example, specify what stu-
dents should know down to each grade
level. Rather they will offer a consensus
on what students in broad age brackets
ought to understand. To try to coerce
states into following a rigid national
curriculum would, Bromley says, sim-
ply slow the adoption of the standards.
The federal government will nonethe-
less be able to apply some not so subtle
pressure to states to keep them in line.
Recipients of competitive grants for sci-
ence education projects awarded by the
Department of Education, Ravitch says,
will have to demonstrate that their proj-
ects conform to national criteria. States
are now using some of those grants to
develop their own curriculum standards.
Nobody believes national standards
will bring the goal of being the world
leader in math and science by 2000
within range, any more than the goal
that says every adult American will be
literate by the year 2000 or the one
that says every school will by then be
free of drugs. Time is simply too short:
the high school graduates of the year
2000 are already in fifth grade. And
presumably they are already falling be-
hind their contemporaries in Korea, Tai-
wan and Switzerland, who took the top
three places in a recent comparison of
math and science ability in 13-year-olds
conducted by the Educational Testing
Service. Entrants from the U.S. ranked
13th out of 15 countries sampled; only
youngsters from Jordan and Ireland
fared worse. “Not everyone is happy
about the way these comparisons are
done, but it’s embarrassing to come up
short again and again,” says Lapp of the
National Science Resource Center.
International comparisons are not
necessary to see U.S. high schools flunk
in science education. A survey of 12,000
high school students in 1988 found that
half of those who had never taken a
course in biology did as well in tests as
40 percent of those who had; apparent-
ly, biology courses taught most of those
taking them almost nothing. Moreover,
“The 1990 Science Report Card” con-
cluded that less than one half of high
school seniors could apply scientific
knowledge to interpret data, evaluate
and design experiments, or display some
in-depth knowledge of science.
Although achievement scores im-
proved a little during the 1980s after de-
clining during the 1970s, performance
in 1990 was no better than it was in
1970. Luther S. Williams, who heads Ed-
ucation and Human Resources at the
National Science Foundation, estimates
that employers in the U.S. now spend in
the region of $100 billion a year retrain-
ing high school graduates in basic skills.

F. JAMES RUTHERFORD directs the American Association for the Advancement of
Science’s Project 2061, a long-range plan to rethink how science should be taught.

Still, national standards should elimi-
nate some of the wide variation among
states, if the experience with math stan-
dards is any guide. The National Council
of Teachers of Mathematics published
universally applauded national stan-
dards last year, and many states have
already drawn on them for their own
curriculums.

The Attitude Problem

Whether more consistent state and
local requirements can improve educa-
tion in the absence of more far-reach-
ing social changes is an open question.
Those who have studied learning in
different cultures are convinced that
societal attitudes are partly to blame
for U.S. students’ distaste for math and
science. The subjects have the reputa-
tion of being difficult. And surveys by
Harold W. Stevenson and his colleagues
at the University of Michigan suggest
that in both Japan and China, students
and their parents attach greater impor-
tance to academic achievement than do
their counterparts in the U.S.

According to John H. Bishop, who
studies education at Cornell University,
the root cause of U.S. students’ poor
performance is the “absence of good
signals of effort and learning in high
school.” In the U.S., unlike other coun-
tries, the standardized tests taken by
seniors measure aptitude rather than
how much has been learned. The pri-
mary indicators of learning achieve-
ment, in contrast, are grades and class
rank, which are only relative measures.

Bishop suggests that ability to pay,
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rather than achievement, is what main-
ly determines access to higher educa-
tion in the U.S. Therefore, he argues,
students have little to gain from work-
ing hard, and parents have little incen-
tive to vote tax increases for schools.
“No adolescent wants to be considered
a nerd, brain geek, grade grubber or
brownnoser, yet that is what happens
to students who study hard and are
seen to study hard,” he concludes.

One consequence is that few high
school students continue in science. Bi-
ology is the only science course that
most high school students ever take.
Less than 50 percent of the graduates of
the class of 1990 took chemistry, and
only about 20 percent took physics. In
1985, 19 percent of high schools did
not even offer physics, and 9 percent
did not offer chemistry.

As long ago as 1916, John Dewey was
emphasizing the importance of giving
all students—not just a select few—a
basic scientific education. Yet most chil-
dren, surveys show, are “turned off” to
math and science at an early age. Usu-
ally they are bored or intimidated by
lessons that consist mainly of rote
memorization of words that are useful
only for passing tests. Girls and mem-
bers of minority groups—with the ex-
ception of Asians—are especially likely
to reject math and science.

Attitudes are hard to change, but
there is little disagreement about how
math and science ought to be taught,
at least in the lower grades. Educators
since Dewey have been stressing the im-
portance of allowing youngsters to do
experiments and make observations, in
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IT TOOK THE UNIVERSE 15

CoulD A SWPERCOMPUTER

B (Can a supercomputer
simulate the creation of
the universe?

® Will supercomputer-
generated images replace

equations and numbers as

the primary way to solve
scientific problems?

B Are supercomputer
simulations already

unlocking the fundamen-

tal secrets of quantum
physics, astronomy,
biology, medicine,
engineering — and
dozens of other fields?

A wvolumetric visualization of the density of
luminous matter in the universe.

A view of a golf club hitting a ball shows the
distribution of stress at the moment of impact.

TAKE A BoLD STEP INTO A NEW “DIGITAL REALITY”

In their new book Supercomputing
and the Transformation of Science,
William Kaufmann and Larry Smarr
take you on a fascinating journey
into the new “digital reality” —

a realm of computation where solu-
tions to science, math, and engi-
neering problems are expressed as
moving pictures on a computer
screen. These animated, 3-D images
are generated by supercomputers
that operate a billion times faster

© 1992 SCIENTIFIC AMERICAN, INC

than the computers of only fifty
years ago!

“Supercomputer-generated images
give us a new view of reality, allow-
ing us to see things in a way we have
never seen them before,” says Dr.
Kaufmann. “With supercomputer
simulations, you can look in detail
at processes and phenomena which
cannot be replicated in a laboratory
experiment — from quarks inside a
proton to the collision of galaxies.”



BILLION YEARS TO EVOLVE.

SIMULATE IT IN AN HOUR?

STARTLING NEw IMAGES OF SCIENCE
AND NATURE NEVER BEFORE SEEN BY
HumaN Eves — UNTiL Now

In Supercomputing and the Transformation of
Science, the authors have assembled the
largest collection of supercomputer images
ever published in book form. You get
dozens of breath-taking, full-color super-
computer-generated pictures showing:

¢ What happens when two galaxies
collide

¢ How an anticancer drug kills tumors by
literally “gluing” the cancer’s strands of
DNA together

e Supercomputer weather models that can
predict violent storms before they happen

* How you can use a supercomputer to
take a “virtual reality” trip to the surface
of Venus and other planets where
humans can’t live

® How a supercomputer simulation helped
researchers use their knowledge of
rattlesnake venom to explore cures for
rheumatism in humans

Says Dr. Kaufmann: “Supercomputer
simulation affects virtually everything that
is done at the forefront of science, technol-
ogy, and engineering today.” Supercom-
puters will change your life — sooner than
you think. Discover how . . . by sending for
Supercomputing and the Transformation of
Science today.

ExPLORE THE REVOLUTIONARY WORLD OF
SupercOMPUTERS Risk-FREE

You can examine Supercomputing and the
Transformation of Science in your home
FREE for 15 days. Without risk or obliga-
tion. It’s your introduction to the
Scientific American Library. Every other
month, you'll have the opportunity to
review — without risk or obligation —
authoritative, hard-cover volumes like:

¢ VIRUSES by Arnold J. Levine

e BEYOND THE THIRD
DIMENSION: GEOMETRY,
COMPUTER GRAPHICS, AND
HIGHER DIMENSIONS
by Thomas F. Banchoff

e JOURNEY INTO GRAVITY
AND SPACETIME
by John Archibald Wheeler

¢ FROM QUARKS TO THE
COSMOS by Nobel laureate Leon
Lederman and David Schramm

Each Scientific American Library volume
is written by a leading scientist in accessi-
ble, compelling prose. Each includes
hundreds of full-color photos, illustrations,
diagrams, and charts. Each covers a major
scientific topic. And each is yours to exam-
ine FREE for 15 days. Of course, there is
no minimum number of books to buy.

And you can cancel at any time.

Mail the Reservation Card Today
Don’t delay. Return the completed reservation card and we’ll send you
Supercomputing and the Transformation of Science for a FREE 15-day trial examination. Send no money now.
Just mail the postage-paid reservation card today. If the card is missing, call toll-free

1-800-345-8112

or write: Scientific American Library Supercomputer Offer P.O. Box 646, Holmes, PA 19043

Simulation of a thunderstorm cloud af ter 30 minutes of development.

Strong waves roll up as the magnetized solar wind
digs down into the Verusian ionosphere.

A supersonic gas jet. The colors display a
logarithm of the pressure.
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The bacteriorhodopsin protein (green) spans the
cell membrane, as computed in a molecular
dynamics simulation.

SCIENTIFIC AMERICAN LIBRARY

© 1992 SCIENTIFIC AMERICAN, INC



order to give them a taste of the excite-
ment that comes with discovery. And a
strong consensus holds that interest in
science is most easily sparked in the el-
ementary or middle school years.

Yet at that level, many school systems
assign science a low priority. Most ele-
mentary teachers have no formal train-
ing in the subject. As if that were not
bad enough, many elementary schools
make it hard for teachers to get the ma-
terials they need for hands-on science.
The situation is not much better in
many middle schools. And high schools
often have to rely on out-of-date teach-
ing materials, Lapp says.

In addition, high school students are
faced with an unappetizing layer cake:
a year of biology followed by a year of
chemistry followed by a year of phys-
ics. Few educators are prepared to de-
fend that arrangement, which is pecu-
liar to the U.S. “The sequential system
used in the U.S. deprives students of
the opportunity for integrated learn-
ing,” the Carnegie commission report-
ed last year. And performing an exper-
iment is a rare event for many students
even in high school: 26 percent of grade
12 students who are taking science say
they never do experiments, according
to “The 1990 Science Report Card.”

The reasons are not hard to discern.
Assembling materials and equipment
for practical demonstrations takes time
and effort and can be expensive. Teach-
ers find it easier to rely on textbooks
for their lessons instead. Although text-
book publishers say they are attempting
to incorporate some experimental fla-
vor, an NRC report on biology education
noted two years ago that “most profes-
sional biologists who examine high
school texts are appalled at what they
find.” The books “are often boring, and
they are also sometimes either mislead-
ing or incorrect.” Small wonder that so
few students elect to take another sci-
ence course after biology. They have a
point—physics and chemistry textbooks
are, by all accounts, just as bad.

To many educators, the solution lies
in a philosophy of learning called con-
structivism that was espoused in the
1983 “A Nation at Risk” report. The idea
draws on the work of child psychologist
Jean Piaget, but it can be traced back
to Dewey and the turn-of-the-century
school called progressivism, which em-
phasized building bridges between sub-
jects. Constructivism holds that children
must build their own meanings in order
to understand, and its mantra is “less is
more.” Understanding, in this view, is
best helped by cutting extraneous facts
out of the curriculum and eliminating
rote memorization. Instead students are
encouraged to explore “rich multiple
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representations of a concept,” says Mur-
ray of the University of Delaware.

The challenge is in putting that idea
into practice. “Teachers can have messy,
hands-on classrooms, but it doesn’t nec-
essarily mean any science gets taught,”
Raizen observes. “Teachers have to un-
derstand the basic science involved.”
Hands-on elementary science courses
developed 30 years ago were big on ex-
ploration but demanded a good deal of
knowledge on the part of teachers. “I
think in the 1960s we were psychologi-
cally and pedagogically naive,” says Rob-
ert Tinker of Technical Education Re-
search Centers in Cambridge, Mass.

Several efforts to avoid the pitfalls
and lay new frameworks for the future
are now getting under way, in addition
to the standards projects at the Nation-
al Research Council. “It’s, ‘let’s all get
into a taxicab and open our umbrellas
at the same time,’” Raizen jests. One of
the most energetic is Scope, Sequence
and Coordination, the program start-
ed by Aldridge of the National Science
Teachers Association. Six test areas, in-
cluding 34 middle schools in Houston
and several hundred other schools from
Alaska to Puerto Rico, are now devel-
oping and testing teaching materials
based on that project’s “core” guide-
book. The document rejects the tra-
ditional biology-chemistry-physics ap-
proach. Instead it sketches time lines
for teaching all of the sciences
concurrently in middle school
and high school.

The grandest of the reform
efforts, and the great rival of
Scope, Sequence and Coordina-
tion, is a plan by the American
Association for the Advance-
ment of Science known as Proj-
ect 2061. F. James Rutherford,
its director, probably rues the
day the project received its cryp-
tic name, which refers to the
year when Comet Halley will
next return to the inner solar
system. The moniker has made
the 25-year effort the butt of
jokes along the lines of 2061
being the year when the project
will begin to influence teaching.
“I don’t see Project 2061 mak-
ing any significant change in
time to be useful,” gibes Ald-
ridge, who before he handed
over the reins two years ago led
Scope, Sequence and Coordina-
tion at what some saw as a
breakneck pace.

Rutherford patiently cites the
fable of the tortoise and the
hare and explains that the thor-
ough reexamination of science
teaching being undertaken in

SCIENTIFIC AMERICAN October 1992

© 1992 SCIENTIFIC AMERICAN, INC

Project 2061 is not something to be hur-
ried. “Grass-roots reform didn’t work,
and top-down reform didn’t work. You
can’t just do a curriculum and insert it,”
Rutherford says. Nevertheless, he in-
sists: “We’ll get there first.”

Project 2061, in fact, won't produce a
curriculum, in the sense of materials
that a teacher can use directly to plan a
course. That task will be left to others.
But six Project 2061 teams of 25 teach-
ers each are now working hard at think-
ing up entirely new approaches to sci-
ence education. Questions such as alter-
natives to textbooks and different ways
to structure the school day are being
explored and described in “curriculum
models.” “We’re connecting to the arts
and humanities, building a new scientific
culture,” Rutherford says with feeling.

Project 2061 has already published
summaries of what it has decided high
school graduates should know about
different scientific subjects. These ideas,
according to Rutherford, have been in-
fluential in helping districts and states
craft their own curriculums and have
attracted interest abroad. And in a polit-
ically savvy move, Project 2061 recently
turned to producing “benchmarks” that
suggest what should be known by dif-
ferent age groups. That work has been
folded into the NRC’s curriculum stan-
dards effort and into California’s cur-
riculum “framework.”

STUDENTS erect an osprey platform at St. Andrew’s,
a private school in Middletown, Del,, that has its own
lake (left). Public school students rarely have such



Project 2061’s studies have convinced
Rutherford that conventional textbooks
are becoming too big and expensive and
“have had their day.” One widely hailed
solution to the textbook problem is
the computer. The National Geographic
Kids Network, for example, which was
developed in conjunction with Tinker of
Technical Education Research Centers,
is highly regarded. It allows students in
different locations to share and com-
pare experimental data. But Jan Haw-
kins of Bank Street College in New York
City, who has written acclaimed educa-
tional multimedia programs, says most
commercially available educational soft-
ware is far less imaginative than the
Kids Network. Hawkins notes that many
programs fail to make students think
deeply and are used as substitutes for
hands-on science. At the Computer-
world Smithsonian Awards this past
summer, some of the educational en-
tries were little more than high-tech ver-
sions of flash cards.

Seymour A. Papert, a computer edu-
cation expert at the Massachusetts In-
stitute of Technology’s Media Lab, be-
lieves the use of computers is deterio-
rating as computers are increasingly
segregated in special rooms. And he
warns that because so many school dis-
tricts are now cutting back on expendi-
tures, opportunities to make good use
of computers may become even scarcer.

opportunities. Even if they have computers, the ma-
chines typically run unimaginative software and are
segregated from classroom activity (right).

Meanwhile the search for education-
al innovations is moving ahead, albeit
fitfully. A not-for-profit company called
the New American Schools Develop-
ment Corporation, a spin-off of Ameri-
ca 2000, has funded 11 private consor-
tia to design and build “break the
mold” schools that it hopes will pro-
vide a better education at the same
cost as today’s institutions.

But the corporation has published
scant information about the concepts
it has funded even though the first
schools are supposed to open next year
and provide ideas for America 2000’s
535 model schools. And although Pres-
ident Bush challenged the corporation
last year to find $150 to $200 million
for the work, it has so far raised only
$50 million.

Voucher Game

Nevertheless, some hope the private
sector will deliver. If the administra-
tion’s voucher scheme were to be en-
acted by Congress—which staffers say
is unlikely in its present form—the for-
tunes of private schools could be boost-
ed. H. Christopher Whittle, the mercurial
president of Whittle Communications in
Knoxville, Tenn., may be riding the wave.

Whittle, who is best known for his
commercially sponsored “Channel One”
classroom television news programs,
has announced plans to set up
a network of private schools
that would use fresh ideas to
provide educational excellence
at no more cost than do public
schools (as well as give away
scholarships). But Benno C.
Schmidt, Jr., the former pres-
ident of Yale University who
joined Whittle earlier this year,
is unable to explain how the
proposed schools will pull off
that feat, and many educators
are skeptical. Nancy Hechinger,
the science education specialist
at Whittle, says she is thinking
of using parents as a teaching
resource but has little more to
offer by way of specifics.

Any effort to improve sci-
ence education—or education
in general—will be moot with-
out skilled teachers. Franklin M.
Loew, dean of the veterinary
school at Tufts University, and
John B. Slaughter, a former di-
rector of the National Science
Foundation who is now presi-
dent of Occidental College in Los
Angeles, both believe increasing
the number and the quality of
high school science teachers is
the most urgent priority.
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One place to start would be the sci-
ence courses that most high school
teachers take as part of a liberal arts
degree, Loew argues. Many of those
courses are failing to provide tomor-
row’s teachers with understanding, he
says. More than two thirds of math and
science teachers fall short of standards
for course-work preparation set by pro-
fessional associations, according to the
Carnegie commission.

Alan B. Krueger, an economist at
Princeton University, suggests that re-
ducing class sizes and increasing teach-
ers’ pay would be a better use of federal
funds than America 2000. Until recent-
ly, advocates of better pay as a way of
improving the teaching force were em-
barrassingly short of data to support
their case. But Krueger points to a new
study by Ronald F. Ferguson, a public
policy scholar at Harvard University,
which supports that strategy. Ferguson
examined almost 900 school districts
in Texas and found that teachers who
performed well on the statewide recer-
tification exam were likely to be em-
ployed by districts that paid higher sal-
aries. Not surprisingly, their students
scored higher on standardized tests,
even after allowance was made for so-
cioeconomic differences.

Meanwhile nationwide initiatives
aimed at improving science education
are recognizing the importance of con-
tinuing training for teachers. Many are
collaborations involving professional
scientists at universities or federal lab-
oratories. Bromley notes that education
is now officially a part of the mission
of the government’s science-based de-
partments. The Department of Energy,
for example, has since 1990 been fol-
lowing the lead of the National Aero-
nautics and Space Administration by
encouraging its laboratories to forge
partnerships with local schools. Teach-
ers and students visit to see exhibits
and participate in research, while labo-
ratory personnel are farmed out to ad-
vise in schools.

At the Teachers Academy for Mathe-
matics and Science in Chicago, founded
in 1990 by Lederman, teachers from in-
ner-city schools come for retraining
two days out of every two weeks. On a
third day they are helped to use their
new knowledge by a mentor teacher
back in their own classrooms. Follow-
up is considered an essential part of
the program.

Other projects use technology to
provide support for teachers. Tune In
Math and Science, a teaching enhance-
ment program run by the GMI Engi-
neering and Management Institute in
Flint, Mich., uses audio and video links
to allow remote classes to hook up with

107



LEADERSHIP INSTITUTES run by the National Science Re-
source Center in Washington, D.C., help teachers and others

mentor teachers. In the collaboration
engineered by Pine at Caltech, known
as Project SEED, scientists work along-
side teachers with teaching materials
but do not lecture. Master or mentor
teachers spread the word about good
practice.

In addition, efforts to put better mate-
rials into the hands of teachers are be-
ginning to pay off. The NSF has stepped
up its efforts to develop up-to-date cur-
riculum materials for the higher grades.
And in the elementary grades, Lapp

Answers to questions on page 102

ern sky just above the horizon at 11 p.M.,,
it must have been approximately over-
head (toward the south) at sunset, five
hours earlier. So the sun was, and still is
at 11 p.Mm,, shining on half of what ap-
pears to be a moon disk. The illuminated
half of the disk is to the right. Since the
moon revolves around the earth in the
same direction as the earth’s rotation, on
the next night the moon should be higher
in the sky.

2. The spouts are at the same level, so
the liquids in the two pots will move un-
der pressure to the same level because
any excess will spill from the spouts.
Since the pots have the same cross-sec-
tional area, they must hold the same
amount of coffee.

3. The block displaces an amount of
water equal to the block’s weight. This
water overflows the glass, so the weight
of the two glasses of water is the same.

1. If the moon were in the southwest- |
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says, modular science kits developed at
the National Science Resource Center
and elsewhere provide more guidance
for teachers and are more easily refur-
bished than are the kits of 20 years
ago. The “leadership institutes” held at
the center give teachers “a little sphere
of confidence” using the kits, Lapp says.
School districts wanting to send teach-
ers to the institutes must send admin-
istrators and scientists as well, to build
support for hands-on science.

Bromley points out that federal out-
lays on precollege math and science
education programs have more than
doubled in the past three years. With
the rubric of a “presidential initiative”
to smooth the way, the administration
has proposed spending $768 million in
1993, in addition to America 2000. Ex-
panded, intensive in-service training
programs are planned to reach almost
half of all math and science teachers in
the country. The NSF has inaugurated
a special Statewide Systemic Initiative
to encourage improvements in science
education. Grants available through the
initiative are meager, however. They
amount to only $10 million per state
over a period of five years. “That’s
about the paper-clip budget in Califor-
nia,” Pine comments.

Congress has in the recent past been
generous to science education, although
rigid budget constraints put this year’s
proposed allocations in doubt. Bromley
says that the U.S. spends more than any
other country in the world on education
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become familiar with hands-on experiments. Participants this
past July practiced building electric motors.

(possibly excepting some Swiss cantons)
and that an attack on bureaucratic
waste will free enough resources to
bring science education into line with
the new national standards.

But many others are now convinced
that effective reform cannot be done
on the cheap. The proposed federal ex-
penditures in precollege math and sci-
ence education still account for less
than 8 percent of what the Department
of Education plans to spend on all pre-
college education next year. Over the
long term, says Hoffman of the Nation-
al Research Council, “some significant
increase in resources is going to be
necessary for the success of most of
the changes people are talking about.”

FURTHER READING

IN THE NATIONAL INTEREST: THE FEDER-
AL GOVERNMENT IN THE REFORM OF K-
12 MATH AND SCIENCE EDUCATION.
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Science Education. Carnegie Commis-
sion on Science, Technology and Gov-
ernment, September 1991.

THE REFORM OF SCIENCE EDUCATION IN
THE U.S.A.: DEJA VU OR DE NOVO? Sen-
ta A. Raizen in Studies in Science Educa-
tion, Vol. 19, pages 1-41; 1991.

STRATEGY FOR ACHIEVING EXCELLENCE
IN SECONDARY EDUCATION: THE ROLE
OF STATE GOVERNMENT. John H. Bishop.
Working Paper No. 91-24. Center for
Advanced Human Resource Studies,
Cornell University, 1991.
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%ﬁf SCIENCE AND BUSINESS

Storage Space

Imaging technologies offer
promising ways to store data

lifetime’s belongings into a tiny

closet, computer researchers are
wrestling with how to store ever more
data in ever less space. This summer, re-
searchers at AT&T Bell Laboratories and
the IBM Almaden Research Center have
proved as resourceful as any New York-
er as they pack dramatically more data
onto the same disk space.

In July, a Bell Labs team in Murray
Hill, N. J., described how it had fit about
100-fold more data—45 gigabits (or bil-
lion bits) per square inch—than are typ-
ically crammed onto a magneto-optic
disk. (That amount of data is equiva-
lent to storing two copies of War and
Peace in an area the size of a pinhead,
AT&T asserts.) In late August, IBM re-
searchers in San Jose, Calif., were sched-
uled to publish a paper describing how
they can pack 30 gigabits per square
inch of data onto a write-once plastic
disk. The workers claim their system
can read those data about 10 times fast-
er than can the system built by their
East Coast competitors.

The work is attracting attention both

| ike city dwellers trying to stuff a

for innovation and for its commercial
promise. Data storage already amounts
to a worldwide $40-billion business. The
growth of high-definition television, ever
more sophisticated telecommunications
systems and computer networks will
boost the demand for data storage. As
a result, competition among research-
ers—even at institutions usually noted
for their dignified demeanor—is grow-
ing fierce.

To inscribe so many data in such
a small area, Bell Labs, IBM and oth-
ers have begun exploiting tools more
frequently used to portray minuscule
structures than to create them. Bell
Labs scientists, for instance, are relying
on a descendant of the classical opti-
cal microscope, whereas IBM’s team has
turned to a more recent technology, the
atomic force microscope (AFM). Both
methods use a so-called scanning probe,
a device popularized by the success
of the scanning tunneling microscope
(STM), which won a Nobel Prize for two
IBM researchers in 1986.

An STM typically relies on a tiny
probe suspended a constant distance
above the surface of a sample to detect
surface contours and bumps as small as
a single atom. Researchers then mea-
sure variations in a tiny electric current
between the probe and the sample. Al-
though STMs still hold the record for

HUNDREDFOLD MORE BITS PER INCH can be written multiple times on a magneto-
optic disk by researchers at AT&T, using a scanning optical microscope (top). With
an atomic force microscope, IBM has achieved a similar storage density on a write-
once plastic disk (bottom). Many engineering challenges must be met before such
tools reach the market.
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detecting the smallest structures, they
operate too slowly to be used as a tool
for recording data.

STMs nonetheless inspired the work
of scientists trying to sharpen the abili-
ties of a technology already centuries
old, the optical microscope. The wave-
length of visible light constrains the re-
solving power of conventional optical
devices. Yet decades ago scientists re-
alized they could extend those limits if
they could put a small light source a
few fractions of a wavelength from the
sample. More recently, researchers add-
ed an STM-like probe that could be
moved across the surface of the sam-
ple, thus opening up a new discipline,
near-field scanning optical microscopy.

To achieve the record-breaking stor-
age densities, Eric Betzig and Bell Labs
colleagues Jay K. Trautman, Ray Wolfe,
E. Mike Gyorgy and Patrick L. Finn wove
together three advances. First, they im-
proved their probe: by stretching a fine
optical fiber until it broke, then plating
the glass with a metal sheath, they creat-
ed a 20-nanometer-wide probe that effi-
ciently channeled light onto a small spot.

Next the Bell Labs scientists devel-
oped a technique for maintaining a
constant distance between the probe
and the sample, called sheer force mi-
croscopy. Like a bristle on a brush, the
probe is held perpendicular to the sur-
face of the sample. As the probe is vi-
brated back and forth, the researchers
measure the drag caused by air between
the probe and the sample. In contrast,
the probe of IBM’s atomic force micro-
scope directly touches the surface of a
disk, as a stylus of a record player does.
(It makes pits on the surface when heat-
ed by a laser.)

Finally, the group made use of a mag-
neto-optic film developed at Carnegie
Mellon University for high-density stor-
age. The film was not designed for Bell
Labs’ work, Betzig points out. “We got
excited about our approach because it
really borrows heavily from existing me-
dia,” he says. “This gives us a head start
on the road to commercialization.”

To read an area of a disk, the Bell
Labs researchers mount the fiber probe
on a scanning device resembling those
found on conventional disk drives. By
pumping in low-power laser light, they
can read the pattern of dots on the sur-
face, each of which measures between
60 and 80 nanometers in diameter. A
more high-powered laser “writes” data



Weinviteyoutobe
inspector mumber 7.

Here at Lands’End, we never Aswitheverythingwithour is all of your —
miss a stitch. Or anything else for  label sewn on it, the value of our money or : //‘ =
that matter, if we can help it. : N shirts anotheritem. //// S m

Case in point: our classic N S You have our GRIA

Pinpoint Oxford shirts. Each
oneis personally inspected -
seventy-one times beforeits =~
sentto you.(Good thingour -
shirts aren’tselfconscious.) -+
From starttofish, there

are sixty-nine separate traditional

D, tailoring steps, not
including the hand

lies in the '
attention we pay to details. We're

= We have

My

e

Precise pattern mutdling is
done by hand to make sure
everything lines up.

~ goneout
- ofour

way to make sure that the
. merchandise you see in our
catalogs represents a value and

quality youwould be hard-putto

come acrossanywhere else.

pressings along the  constantly improving the overall If you would like to inspect
= | way toavoid puckers nstruction of each item we sell.  the rest of our classically cut,
and to assure Sz === Whetheritsa sporty — /// comfortably priced
clean needlingWe £~ 7 = clothing for the
go over each o entire family, not to
step after it’s 7 mention our quality
completed, home furnishings, call us

looking for
any flaws or

/ bed we make'

B inDodgeville at1-800-356-4444,

tollHree, any dayof the week. One

irregularities sure thatevery of our ﬁlendly operators W]]l be
What we item lives up more than happy to sz

notice, more K toourhigh send you a Lands™ ;

oftenthannot, ¥/ ; \ quality End catalog at no

is meticulous standards charge whatsoever.

handiwork. and, more There is no telling

Like tightly important, how many times

woven fine » your own you'll pore over it. -

cotton cloth.
Neatly sewn
seams. And 7
buttonholes §

with no less

The Lands' End Pinpoint Oxford,  the products we sell, they

.......................................

To get our free catalo
c§11 1-:800-356-4444. 5

Or fill out the coupon and mail it to:
1Lands’End Lang Dept. JG, Dodgeville, WI 53595

than 120 lock e
stitches. (You'd wnder $30. are all Guaranteed. Period® Address
think we were afraid of losinga Which simply means that Lf you
buttonhole or something,) are not completely /S City

No is overlooked. Even satisfied with any § Zip
the labels sewn inside the collar item youbuy from §
are checked tomakesurethat ~ Lands’End, send it Gngzranteed
they line up straightand lie flat, back, pronto. What ero

so they won'tirritate your neck.

you'll getin return

© 1992 SCIENTIFIC AMERICAN, INC

) 1992 Lands' End. Inc.

---------------------------------------



by reversing the magnetization of a
spot. The change in polarity of the
spots alters the way they reflect light.
The physics behind the writing phenom-
enon is still unclear, Betzig observes.
His favorite explanation: the laser heats
the tip of the probe, which reverses the
magnetism through thermal effects.
The disk can consequently be rewritten
many times.

Atomic force microscopes, on the
other hand, can write and read data
faster than can their optical cousins,
IBM researchers contend. In the August
31 issue of Applied Physics Letters, Dan-
iel Rugar and H. Jonathan Mamin are
scheduled to report that the heated tip
of an AFM can read and record data on
a plastic disk at rates up to at least 100
kilohertz. (One disadvantage is that the
data are permanently recorded on the
disk.) In contrast, the Bell Labs tools
now read data at a rate of about 10 kilo-
hertz, a fraction of the speed of a con-
ventional compact disc player.

“The read speed is the real challenge,”
Betzig concedes, because it is limited by
how many photons can squeeze out of
the probe at a time and so is limited by
the wavelength of laser light. Because
an AFM simply measures the pits in the
substrate surface, it can easily achieve
higher reading speeds. Nevertheless,
“we think we could get 10-megahertz
speeds, for both reading and writing,”
Betzig asserts, “but it's proprietary.”

Reading and writing are only the first
steps toward machines that handle
more data. Many engineering challeng-
es await, including detecting and cor-
recting errors and keeping track of a
specific bit in the sea of data. “If every-
thing went right,” Betzig muses, “the
best we might achieve would be a prod-
uct about five years from now.” IBM is
even more taciturn. “Obviously we're in-
terested in it because of the potential
for an important technology impact,”
says Rugar, manager of exploratory stor-
age studies. But he remains reluctant to
speculate when IBM might try to move
the research closer to the market.

There is, moreover, a spectrum of oth-
er technologies, including different vari-
eties of scanning probes, that promise
to increase data storage. At Stanford
University, for instance, Calvin F. Quate
and his colleagues are using combined
force and capacitance microscopy to
pack data onto a disk. Elsewhere, in-
vestigators continue to explore three-
dimensional storage techniques, such
as holographic crystals.

Betzig remains enthusiastic. “There
are zillions of ways to store data,” he
notes cheerfully. Now engineers must
demonstrate which techniques are most
practical. —Elizabeth Corcoran
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Different Strokes

A two-stroke engine
without the blues

he humble two-stroke engine,
I long prized for its small size but
denigrated for its blue smoke,
has taken on a surprising new role as
environmental savior. It owes this make-
over largely to the Orbital Engine Cor-
poration of Perth, Australia, a small re-
search firm that has revised the centu-
ry-old design, taking it out of the lawn
mower and into the big time: the auto-
mobile. There it churns out more horse-
power per pound, burns less fuel per
mile and spews out less pollution than
do conventional four-stroke engines.
The last specification is crucial to the
engine’s success. No auto manufacturer
would invest in an engine that could not
meet the tough new emissions stan-
dards in California (and other states
that plan to follow its lead). These rules
begin to bite in 1997, when 2 percent of
new cars must meet them. The figure
rises to 15 percent by 2003. An even
more draconian standard, designed to
encourage alternative vehicles such as
electric cars, calls for zero emissions be-
ginning with 2 percent of sales in 1998.
Orbital passed the first barrier early
this year when the U.S. Environmental
Protection Agency confirmed that a
Ford test car powered by an Orbital en-
gine met the California emissions stan-
dards at low mileage. The next step,
says Peter Simons, president of Orbit-

al’s Michigan-based manufacturing sub-
sidiary, is to repeat the performance
over the full 50,000-mile EPA test re-
quired to ensure that the engine and
exhaust systems hold up under use.

As recently as 1987, the big auto com-
panies of America, Europe and Japan
were saying they could beat Orbital at
its own game. Although most of them
continue to work on two-strokes inde-
pendently, many have conceded that
they will adopt Orbital’s patented tech-
nology. Both General Motors Corpora-
tion and the Ford Motor Company, for
example, have recently announced that
they plan to use Orbital technology in
some cars by the 1995 model year.

The principle of the engine dates
back to an idea of Karl Benz, of Daim-
ler-Benz fame. Whereas a four-stroke
engine uses one motion of the piston
to charge the combustion chamber, an-
other to compress the fuel-air mixture,
a third to develop power from the re-
sulting explosion and a fourth to expel
the combustion products, a two-stroke
engine makes twice as many power
strokes, producing nearly twice the ratio
of power to weight. A GM test engine in-
corporating Orbital technology tips the
scales at only 165 pounds, compared
with about 250 pounds for an equiva-
lent four-stroke engine.

The weight savings, together with sec-
ondary reductions in the supporting
structures and brakes, adds up to im-
proved fuel economy. Orbital says cars
equipped with its engines consume be-
tween 5 and 35 percent less fuel than
do comparable cars with four-stroke en-

GREEN MACHINE: Peter Simons, head of Orbital Engine’s U.S. subsidiary, shows off
the Ethos, which carries the firm’s fuel-efficient engine. Photo: Peter Yates.
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gines. Company representatives main-
tain that a car designed specifically to
take advantage of the Orbital engine’s
compact size could save still more.
Conventional two-strokes powered
Saabs and other small cars until the
1970s, then disappeared. The reason
was that they polluted too much, by
letting a little fuel seep into the exhaust
and mixing lubricating oil directly with
the fuel. Unburned hydrocarbons tinged
the exhaust blue in East Germany’s tiny
Trabant, the last car powered by the
old-style two-stroke engines. Now they
are found only in lawn mowers, chain
saws, outboard motors and other prod-
ucts in which weight is at a premium.
Orbital attacked the problem with
brief, precisely timed injections of a
fuel-air mixture and a separate lubri-

Orphan Isotopes

Scarce isotopes bring
meager profits to the DOE

any physics and chemistry
M experiments share a need

with technologies as diverse as
smoke detectors and some medical
imaging approaches: they rely on sta-
ble or radioactive isotopes produced
in separators called calutrons or in nu-
clear reactors and particle accelerators.
These days, isotopes are also at the
heart of an experiment in economics—
but one that has yet to produce a suc-
cessful result.

According to the free-enterprise doc-
trines of the Reagan-Bush era, the mar-
ket offers a handy solution to almost
any economic issue. So why not make
the Department of Energy’s isotope
program pay its own way? After receiv-
ing a nest egg of $16 million two years
ago, the isotope program was directed
to meet its future costs with its rev-
enues. The DOE offers a cornucopia of
several hundred varieties of isotopes.
But because its clients are mostly basic
researchers who buy or borrow only
small quantities of materials, the pro-
gram’s revenues are meager—only $12
million in 1991. Hence, the effort is tee-
tering on the edge of bankruptcy and
hoping for a congressional reprieve.

The worldwide business in isotopes,
in contrast, looks robust. Private indus-
try manufacturers make a more limited
range of isotopes, focusing on the ones
widely used in nuclear medicine and
commercial enterprises. The revenues
for these top $500 million annually.
And therein lies the rub. If the DOE
drops out of isotope production, re-
searchers worry, the types of isotopes

cant injection system that keeps oil out
of the exhaust. It then strove to keep
up with tightening automobile emis-
sions standards by refining the engine
and the catalytic converter that oxidiz-
es pollutants in the exhaust.

Orbital says it has a chance of meeting
the zero-emissions standard. “We’re do-
ing work to get what we call ‘near zero’
emissions,” Simon says. “If you take into
account that energy used to generate
electricity is not itself zero, we should
be competitive” with electric cars.

The company plans to reduce hy-
drocarbon emissions to concentrations
below those in the ambient air of Los
Angeles and New York. “It’s an intrigu-
ing concept,” Simon observes. “You'd
have cars driving around, cleaning the
air.” —Philip E. Ross

available will fall. “If there is money
to be made, then private industry can
handle it,” says Steven W. Yates, a chem-
istry professor at the University of Ken-
tucky. “But a lot of isotopes aren't prof-
itable. So now they might not be avail-
able for research—or will cost millions
of dollars.”

At a workshop held earlier this year at
the National Research Council, scientific
and medical researchers who use the
isotopes complained about the growing
scarcity of supplies and the ballooning
prices. “In every field, people had prob-
lems,” declares Richard L. Hahn, a nucle-
ar chemist at Brookhaven National Lab-
oratory who co-chaired the meeting.

Medical researchers say they have al-
ready been jarred by the vagaries of
commercial production. A threatened
strike at Nordion International in On-
tario, the only North American-based
supplier of medically important molyb-
denum 99, had concerned U.S. doctors
looking for potential alternative sup-
pliers as far away as Russia and Indo-
nesia. Because the isotope is so short-
lived, a strike that lasted a week would
have left U.S. radiologists without the
materials needed to diagnose a range
of illnesses, including cancer, AIDS and
heart disease.

Physicists argue that scientists face
even greater difficulties. “I'm not wor-
ried about commercial users; they have
the money to pay for what they need,”
Yates says. “But basic research is going
to suffer.” Since the DOE began trying
to boost its revenues two years ago,
Yates has found himself paying eight
to 10 times more for the same materi-
als. And even such price increases might
not be enough. “It's not clear that these
fees will pay the cost of the program,”
he says. Moreover, reserves of some iso-
topes are being depleted. “Each year

SCIENTIFIC AMERICAN October 1992

© 1992 SCIENTIFIC AMERICAN, INC

five to 10 of these isotopes are just go-
ing out of stock,” Yates adds, as the DOE
cannot afford to replenish its supplies.
And even as the government is putting
the finishing touches on two new phys-
ics research facilities, it may lack the iso-
topes needed to make full use of them,
says Lee L. Riedinger, a physics profes-
sor and vice-chancellor for research at
the University of Tennessee.

Several facts of federal life have com-
plicated the DOE’s efforts to run a tidy
business. Because government agencies
are barred from competing with com-
mercial producers, the DOE does not
produce isotopes that might be profit-
able. In addition, it has a tough time
controlling the costs of making iso-
topes, a task handled at the national lab-
oratories. Programmed into the newer
prices of these materials, for instance, is
a prescribed share of laboratory over-
head. And since the national labs have
many other responsibilities, isotope pro-
duction is often delayed by the priorities
and glitches of unrelated programs.

Then there is the post-cold war co-
nundrum. Like the U.S., the former So-
viet Union had built up an impressive
infrastructure that produced a smorgas-
bord of isotopes. In theory, the U.S. gov-
ernment should be pleased to see some
friendly competition as the Russians en-
ter the market. In practice, however, the
U.S. government and industry are com-
plaining about unfair competition. Don-
ald E. Erb, the DOE’s director of iso-
tope production and distribution, points
out that his revenues have dropped by
about 25 percent because Russian en-
trepreneurs have been willing to sell
isotopes at almost any price.

Solving the shortfall of isotopes and
dollars will demand some creative man-
agement. Representative Michael L. Sy-
nar of Oklahoma held hearings on the
general problems of the isotope pro-
gram in midsummer. Erb hopes to find
additional funding to refit a reactor at
Los Alamos National Laboratory to pro-
duce molybdenum 99. If he is success-
ful, the reactor may begin producing
material by 1993, he says. Meanwhile
the nuclear medicine community is also
petitioning Congress for funds to study
the feasibility of building a National Bio-
medical Tracer Facility, which would
churn out a spectrum of radioisotopes
for medical use and serve as a training
ground for radiochemists.

Erb has a very personal reason for
wanting to see the isotope program
back on its feet. Seven years ago a
stress test relying on the radioiso-
tope thallium 201 showed him to have
clogged arteries. “I may be alive to-
day,” he muses, “as a consequence of
that test.” —Elizabeth Corcoran
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Fine Grain

Nanophase materials
move out of the lab

few years ago Larry E. McCand-

lish, then a researcher at the

Exxon Research and Engineer-

ing Company in Annandale, N.]J., began

working with his colleague Richard S.

Polizzotti on finely powdered metal car-

bides. McCandlish was initially interest-

ed in the materials as potential cata-

lysts. But he soon realized that these

powders could have useful physical as
well as chemical properties.

Like other materials engineers, Mc-
Candlish was intrigued by the possibili-
ty of “nanophase” materials. These are
ceramics, metals and combinations of
the two that are made from extremely
small particles, less than 100 nanome-
ters in diameter. They should have un-
usual properties because so many of
their atoms lie on the edges of the tiny
“grains.” So McCandlish moved to Rut-
gers University, where, together with
Bernard H. Kear, head of the nanophase
materials research laboratory there, he
started to search for new ways of mak-
ing ultrafine powders of cobalt tungsten
carbide, a material used in cutting tools
and other wear-resistant devices.

BERNARD H. KEAR with glass spray-dryer that he
uses to make “nanophase” mixtures of metal salts
at Rutgers University. The operation is his first step
toward creating materials of exceptional hardness.
Photo: Robert Prochnow.
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Two results of their investigation are
a process for making nanophase parti-
cles of cobalt tungsten carbide and a
new company called Nanodyne, a joint
venture of Rutgers and Procedyne, a
local manufacturer of industrial fluid-
ized-bed reactors. Nanodyne has exclu-
sive rights to intellectual property creat-
ed in Kear’s laboratory, and McCandlish
is now the company’s chief scientist.
Nanodyne is one of two U.S. companies
starting to make nanophase materials
in bulk.

Nanophase materials were until re-
cently made only in laboratory quanti-
ties, by evaporating the ingredients in
an inert gas and letting them condense
on a cool surface. The Rutgers research-
ers decided to make the powders from
water solutions instead. They eventual-
ly found cobalt and tungsten com-
pounds that could be mixed and dis-
solved in water, aerosolized and then
spray-dried to produce extremely fine
mixtures of tungsten and cobalt salts
of any desired composition.

Then McCandlish and Kear perfected
a way to make the tungsten react with
carbon to yield tungsten carbide. The
trick involves passing a mixture of car-
bon monoxide and hydrogen over the
metal salts, an operation they decided
could be done in an industrial fluidized-
bed reactor, a device in which fine parti-
cles are agitated in a stream
of gas. The result is particles
of tungsten carbide less than
50 nanometers in diameter
embedded in larger grains
of cobalt.

With the help of local and
federal grants, Nanodyne is
now producing hundreds of
kilograms of nanophase co-
balt tungsten carbide every
year and sending samples to
a number of potential cus-
tomers for testing. McCand-
lish says that nanophase co-
balt tungsten carbide is sub-
stantially harder than the
conventional material and
that cutting tools made from
it appear to wear at about
half the rate. Although the
nanophase product is likely
to be several times the price
of its conventional equiva-
lent, its improved properties
mean it could capture a sub-
stantial fraction of the world
market, estimated to be
some 20 million kilograms.

Users can plasma-spray
the powder onto surfaces to
make coatings or press and
bake it just enough to make
the grains stick together to
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form a rigid shape. Kear and McCand-
lish foresee nanophase wire-drawing
dies, sealing rings in pumps, bulldoz-
er teeth, industrial knives and drill bits
ranging from the very large (those used
in well drilling) to the very small (for
printed circuit boards).

Maurice L. Gell of Pratt and Whitney,
an engine manufacturer, suggested at a
recent conference that Nanodyne’s ma-
terials might find near-term applica-
tions in jet engines, and the two com-
panies are now collaborating. Pratt and
Whitney is planning a consortium to
exploit nanophase materials. Kear also
thinks that by borrowing clean-room
processing from the electronics indus-
try, it will be possible to produce “flaw-
free” critical components such as gears
for helicopters.

Nanodyne has one competitor in the
brave new world of nanophase materi-
als. Nanophase Technologies in Darien,
11l is concentrating on ceramics such as
silicon nitride, as well as aluminum, zir-
conium and yttrium oxides. Although
conventional ceramics tend to be too
brittle for many applications, research
by Richard W. Siegel of Argonne Nation-
al Laboratory, Horst W. Hahn of Rutgers
and others has shown that nanophase
ceramics can be plastic or even super-
plastic at high temperatures—that is,
they can be substantially deformed
without cracking. “That’s where there
will be commercial applications—you
can do pressing and forging into any
shape you want,” Siegel says.

One problem in making nanophase
ceramics, explains John C. Parker, sci-
entific director at Nanophase Technolo-
gies, is controlling the size of the parti-
cles during the sintering, or baking,
part of the manufacturing process. The
particles tend to agglomerate and grow,
which destroys their properties. Parker
says his company has overcome that
difficulty. All of the oxide ceramics
Nanophase Technologies is developing
are transparent. According to Parker,
that proves the particles and the pores
between them are less than 10 nanome-
ters across, well below the wavelength
of visible light.

Parker expects that some of the com-
pany’s nanophase ceramics will be used
in electronic sensors. He has demon-
strated that gases can diffuse through
the fine pores of the materials and alter
their properties in ways that can be de-
tected electrically. And Nanophase Tech-
nologies has contracted with Caterpillar
in Peoria, Ill., to test ceramic compo-
nents in vehicles. Parker says the com-
pany has already targeted some auto-
motive uses.

Other niche applications for nanoma-
terials are visible on the horizon. At the



National Institute of Standards and Tech-
nology in Gaithersburg, Md., Robert D.
Shull is investigating the potential of
nanocomposites in magnetic refrigera-
tion equipment. Magnetic refrigeration
is now used only within 20 degrees of
absolute zero, but new materials could
extend that range, Shull says—although
he doubts that nanocomposites will ever
be cost-effective in conventional refrig-
erators. Ami E. Berkowitz of the Univer-
sity of California at San Diego recently
showed that nanocomposites have mag-
netic properties that could make them
useful in playback heads in tape record-
ers, and Ronald F. Ziolo of Xerox in
Rochester, N.Y., has produced transpar-
ent nanophase magnets that might find
uses in copiers or facsimile machines.

Parker acknowledges that the nano-
phase ceramics made by his company
are expensive. They are still general-
ly made by condensing metal from va-
por on a cold surface and reacting
the resultant nanophase powder with
oxygen. That technique limits produc-
tion runs to a few hundred grams at a
time and means a price of several hun-
dred dollars a pound. Nanophase ce-
ramic engine blocks will not be used in
ordinary automobiles anytime soon.

Even so, the developers do not ex-
pect to wait long for real applications.
Kear, for one, maintains that his uni-
versity’s direct involvement in the joint
venture with Procedyne—a first for the
institution—has speeded up the trans-
fer of the new cobalt tungsten carbide
to the marketplace, so that commer-
cialization will take from three to eight
years rather than the 10 to 15 that are
standard. “Nanodyne will be a halfway
house for commercialization,” he says.

Kear rejects the suggestion that the
tight linkage between his laboratory
and Nanodyne could stifle free inquiry.
“I don’t think the science is being cor-
rupted—it’s being enriched,” he insists.
To prove the point, he mentions sever-
al other nanophase ideas he has up his
sleeve: molybdenum-silicon nanocom-
posites, which perform well at high tem-
peratures, and other tungsten-based
materials. Kear maintains that by pass-
ing various gases through unconven-
tional crystalline forms of nanophase
tungsten, he can make completely new
compounds. “We're doing atomic alloy-
ing,” he boasts.

Moreover, with the company already
shipping samples to potential cus-
tomers, Kear says that responses from
industrial researchers come straight
back to his laboratory. A tight connec-
tion between laboratory and market
may be Nanodyne’s competitive ad-
vantage today and industry’s standard
tomorrow. —Tim Beardsley

Billions of Buckytubes

Mass production of carbon
cylinders sparks interest

his summer, less than a year after
TNEC Corporation researcher Su-

mio lijima displayed the first pho-
tomicrographs of nanometer-size car-
bon cylinders to a crowd of amazed sci-
entists, two of his colleagues have found
a way to make the stupendously tough
tubules by the gram. Now investors are
as interested as the scientists.

Shortly after Thomas W. Ebbesen and
P. M. Ajayan described their method in
Nature, NEC began receiving inquiries.
Companies around the world want the
tubules because their crystalline per-
fection makes them stronger than any
other material and gives them a pot-
pourri of electrical properties.

The carbon tubes have been dubbed
buckytubes, after buckminsterfullerene,
the 60-atom spheres that have a struc-
ture similar to the late R. Buckminster
Fuller’s geodesic dome. Buckytubes may
be considered as “stretch” fullerenes; in
effect, they consist of graphite sheets
that have been spliced between two
halves of a spherical fullerene. Togeth-
er the long and the globular species
constitute a third form of carbon, after
diamond and graphite, that extends the
element’s reach throughout Euclid’s em-
pire. Diamond lives in three dimensions,
graphite sheets in two, buckytubes in
one and buckyballs in none.

lijima discovered the tubules more
than a year ago while examining the
electrodes of a carbon arc such as that
used to produce carbon 60 and ful-
lerenes with other numbers of carbon
atoms. He found that all the tubules
occurred as two or more concentric
cylinders. They were as narrow as two
nanometers and as long as a micron
or more.

Then, this past March, Ebbesen and
Ajayan discovered that by alter-
ing the pressure of the inert gas
surrounding the arc and adjust-
ing other parameters, they could
deposit a hard lump of material
about five millimeters in diam-
eter on one of the electrodes.
When they cracked open the
lump, they found a core of near-
ly pure buckytubes. The total

CONCENTRIC TUBULES of car-
bon are so narrow that they con-
jure up quantum effects. The
computer graphic is provided
courtesy of NEC/Handa.
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conversion rate was 25 percent—more
than 10 times the yield of generators
producing spherical fullerenes.

Because of that efficiency, Ebbesen
says, buckytubes are inherently cheap-
er than fullerenes. Moreover, produc-
tion should be easier to scale up. Be-
cause buckytubes form on the rod, not
in the arc itself, as fullerenes do, “you
can in principle get an even better yield
with a larger rod,” Ebbesen says.

He and Ajayan have already deter-
mined that a mixture of many kinds of
tubes conducts electricity fairly well, im-
plying that some of the configurations
conduct extremely well. He says NEC
scientists are now working hardest on
characterizing various configurations.
To do that, they must first generate
tubes of a given diameter and structure
and then measure the electrical conduc-
tivity of individual tubes. When asked
how they intend to do that, Ebbesen
politely declines to answer.

Theoreticians calculate that the most
interesting properties will emerge only
in the smaller, nanometer-size diame-
ters, where quantum effects become im-
portant. “The high-conductivity forms
we calculated should be absolutely me-
tallic, potentially as good a conductor
as copper,” says John W. Mintmire, a
theoretical chemist at the Naval Re-
search Laboratory in Washington, D.C.
“What we figure happens is that the mo-
bility of electrons compares with that in
graphite, but a buckytube has a higher
number of charge carriers,” he says.

Other buckytube variants should be
insulators or semiconductors. But so
far none has been shown to function as
a superconductor, as fullerenes do when
doped, or seeded, with alkali metals.
The range of properties heartens elec-
tronics engineers because it gives them
the flexibility to design extremely small
devices. For such devices to become
practical, however, a way must be found
to make them precisely and in quantity.

What about strength? David Toma-
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nek and his colleagues at Michigan
State University calculate that carbon
200, a rather thick, single-walled cylin-
der, would be “100 times stronger than
an iridium beam of the same length.”
Ebbesen doesn’t like to speculate about
buckytube girders. “In the short term,
what’s important is their potential
for strengthening composite materials.
For that, all you need is a sufficient

ratio of length to diameter,” he says.

Richard E. Smalley of Rice University, a
co-discoverer of the fullerenes, is more
inclined to dream. “Now all you've got
is lint—to make a shirt you need a con-
tinuous fiber on a spool,” he says. “We
want to do it, and I am confident that
NEC is trying to do it. I've spoken to
lijima, and he says that’s his single
challenge in life.” — Philip E. Ross

Diagnosis by DNA

DNA-sequencing methods
show clinical promise

ust four letters can answer age-old
questions about the causes of dis-
ease. Strings of G, C, A and T—the
nucleic acid bases guanine, cyto-
sine, adenine and thymine—spell out
genes that instruct cells to perform
critical functions. Or not. The simple
switch of a T for an A causes sickle cell
anemia, for instance. Recently the sever-
ity of several major cancers has been
linked to changes in a gene called p53.
The process of linking genetic varia-
tions to disease is being vastly simpli-
fied by machines. Much work on im-
proving the equipment is being done
with government funding under the aus-
pices of the international Human Ge-
nome Project. Now commercial interest
is growing as well. Sequencing technolo-
gy promises to be a powerful tool for
clinical diagnosis. “We want to launch
products that drive toward the physi-
cian, not lab technicians,” announces
Jonathan Briggs, acting director of Af-
fymetrics, a newly formed subsidiary
of Affymax Research, a biotechnology
firm in Palo Alto, Calif.

KENNETH L. BEATTIE displays a prototype “geneosensor” developed at HARC. Such
computer chips bearing myriad bits of DNA may quickly reveal whether an individu-
al carries genes related to disease. Photo: Dan Ford Connolly/ Picture Group.
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“Physicians and researchers are using
DNA-sequencing technology to develop
clinically important tests,” observes Mi-
chael Hunkabpiller, executive vice presi-
dent of Applied Biosystems, Inc. (ABI),
in Foster City, Calif. The firm pioneered
the first automated DNA sequencer and
is still the lead supplier of systems that
break up DNA, attach a telltale fluores-
cent label to each base and reassemble
the sequences. An optical reader feeds
the light signals into a computer to re-
cord the order of the bases.

Richard A. Gibbs, head of the center
for DNA sequencing at Baylor College of
Medicine, uses fluorescence sequencing
to follow families suspected of carrying
one of the more than 100 mutations
that cause cystic fibrosis. “Instead of
asking simply, does a gene work or not,
we’re asking, what are the specific dif-
ferences in this person’s DNA?” he ex-
plains. Gibbs and others are also using
the technique to compare the DNA in
different strains of the HIV virus that
causes AIDS “to see who got what from
whom when.” Such glimpses of genetic
epidemiology may help in treatment, he
notes, by detecting certain bases known
to be associated with drug resistance.

The sequencing systems available to-
day, however, still require the artful
attention of Ph.D.-level researchers to
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review the computer’s calculations. It
can take weeks to edit a sequence such
as one from a cystic fibrosis gene. So
researchers at ABI, the California Insti-
tute of Technology and other institu-
tions are striving to develop algorithms
that will enable computers to make re-
liable diagnoses.

One promising scheme for automat-
ing diagnosis is based on computer
chips that can directly detect aberrant
genes. Developing such DNA chips is
the goal of several research teams, in-
cluding the Houston Advanced Research
Center (HARC) in The Woodlands, Tex.,
and Affymetrics. Researchers pack snip-
pets of DNA that are eight bases long
onto the surface of a chip and expose it
to a patient’s sample. The fresh strand
clings, or hybridizes, to complementa-
ry bases (every G with C, A with T),
wending its way in a pattern that reveals
whether a patient’s DNA has bound to a
normal gene or to a mutated sequence
laid down on the chip.

“We call our approach geneosensor
technology,” says Kenneth L. Beattie,
head of HARC’s DNA Technology Labo-
ratory. The key to his team’s diagnos-
tic method is a sensitive detection sys-
tem that picks up changes in electri-
cal properties when nucleic acid bases
bind together. A computer keeps track
of the sequence and position of each
eight-base probe so that any change
in the electrical charge of a given area
is quickly translated into a sequence
reading.

Researchers expect that they will be
able to immobilize arrays of DNA dense
enough to screen samples from several
patients at once or to do an individu-
al’s full genetic workup. “The computa-
tional task of diagnosis will become
more complicated as chip densities in-
crease,” says Mitch Eggers, an electri-
cal engineer responsible for wiring up
HARC'’s chips. But eventually electrical
information will not need to be fed into
a separate computer, he predicts, be-
cause a microprocessor will sit right on
the chip.

The development of simple DNA di-
agnostic techniques will build a market
for genetic testing where none exists to-
day, asserts Briggs of Affymetrics. But
acceptance will also depend on wheth-
er the tests yield simply gloomy pre-
dictions or information that can actual-
ly guide treatment. Developers of DNA
diagnostics realize that the Food and
Drug Administration will eventually reg-
ulate tests offered for commercial rath-
er than research purposes. Congress,
too, is sure to begin paying attention as
the public—and health insurance com-
panies—ponder a suddenly clearer vi-
sion of the future. —Deborah Erickson



THE ANALYTICAL ECONOMIST

The Business of Education

0 economists have anything to

offer U.S. schools? The free

market is the latest in a long
list of pet nostrums intended to rescue
an education system that produces less
visible learning per dollar spent than
does nearly any other in the world. Vir-
tually every other learned cabal has of-
fered its favorite remedy at one point
or another, from social scientists to
particle physicists. Occasionally such
efforts have led to noteworthy feats—
in the mid-1960s Richard P. Feynman
read every elementary school textbook
proposed for adoption in the state of
California.

Economists who are proponents of
“educational choice” contend that pub-
lic schools produce uneducated gradu-
ates because the institutions are for the
most part monopolistic suppliers. Even
if parents send their child to a private
school, they must still pay public tu-
ition through taxes. Public schools, free
marketers contend, have no profit mo-
tive and thus no incentive for effective
teaching.

Terry M. Moe and John E. Chubb, two
former fellows of the Brookings Institu-
tion, have argued further that democrat-
ically elected school boards and their
bureaucracies stifle the personal initia-
tive that teachers bring to their work.
(Moe is now a professor at Stanford Uni-
versity, and Chubb has joined the Edi-
son Project, which aims to set up high-
technology, for-profit private schools.)

If the government just gave parents
the portion of taxes allocated to educa-
tion and let them choose how to spend
the money, the reasoning goes, schools
would have to compete. The ones that
provided the best education and at-
tracted the most students would pros-
per and expand, and the low-quality
schools would eventually fold. Overall,
proponents argue, the quality of educa-
tion would improve.

Although many school districts now
allow their students to choose which
public school they will attend or main-
tain “magnet” schools intended to at-
tract the brightest and most talented to
particular programs, they still general-
ly juggle enrollment so that even the
worst-performing, least popular school
is not left entirely without students. De-
vout free-marketers such as Moe and

Chubb insist that true educational choice
requires not only unfettered selection
among public schools but a choice be-
tween public and private as well. Presi-
dent George Bush’s latest education ini-
tiative reserves half a billion dollars for
state programs that would use vouch-
ers to help parents send their children
to private schools [see “Teaching Real
Science,” by Tim Beardsley, page 98].
Opponents of such a plan argue that
vouchers do not a market make. Instead
they would take money from underfund-
ed schools and give it to people who
can already afford to opt out of public
education. Working from 1980 Califor-
nia census data, Thomas A. Downes of
Northwestern University deduced that
halving tuition costs would increase
the demand for private schools by only
about half a percentage point. The data
are sketchy, he concedes, but they sug-
gest that parents choosing a school are
more sensitive to the perceived quality
or the ethnic composition of local pub-
lic schools than they are to tuition cost.
One fundamental problem with
vouchers, argues economist Alan B.

Should all schools
compete and risk going
under if they cannot
attract enough students?

Krueger of Princeton University, is that
education is not an easily defined com-
modity. In an efficient market, produc-
ers have a good idea of what their cus-
tomers want, and customers can judge
the quality of the product being offered
for sale. But currently no one has an
unequivocal grasp of who the “custom-
er” is: students, their parents, the firms
that will eventually hire them or the so-
ciety of which they will form a part. And
what the customer wants is at least as
nebulous. Is it an enjoyable learning ex-
perience, a well-rounded education, vo-
cational and professional skills, the val-
ues of good citizenship or something
else entirely?

Moe has a ready answer to this co-
nundrum: let the marketplace decide.
The customers are parents and stu-
dents with vouchers to spend, and new
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schools, he predicts, will spring up to
offer them whatever they desire. He
cites the case of the East Harlem school
district in New York City. Abandoning
traditional rules freed teachers there to
create junior high schools for the per-
forming arts, mathematics, science, en-
vironmental studies and other fields.
As a result, student performance rose
from among the worst in the city to
above average.

Moe argues that allowing private
schools into the act will provide the
same kinds of educational choices more
effectively and at less cost than sim-
ply mandating public school diversity.
The government does not guarantee
the survival of private schools, and so
they have cost-effectiveness incentives
that public ones lack. Furthermore, he
says, they are not encumbered by bu-
reaucracy or extracurricular political
agendas such as desegregation and bi-
lingual education.

Moe envisions only the most minimal
of regulations, perhaps a nationwide
set of tests that students must pass for
their schools to maintain accreditation.
A state would give disadvantaged stu-
dents larger vouchers so that schools
would have an incentive to accept them,
and accreditation requirements would
ensure that such students were taught
effectively, he says.

Krueger warns, however, that private
schools could—as other industries once
did—turn to style over substance, rely-
ing on marketing gimmicks rather than
a solid product to bolster their enroll-
ments. Current data, he says, offer lit-
tle evidence that private school stu-
dents outperform their public school
counterparts once factors such as par-
ents’ wealth and education are exclud-
ed. Bush’s $500 million in vouchers, he
notes, is a powerful incentive for the
best-looking statistics money can buy.

Krueger is challenging the Edison
Project to show that private schools
truly can do a better job of educating
anyone—not just the well-off or highly
motivated. He is suggesting that the
new high-tech schools admit 1,000 low-
income students by lottery (rather than
academic or financial credentials) and
track their progress against that of stu-
dents who entered the lottery but were
not admitted. If the country is going to
embark on an expensive educational
experiment, he says, someone might as
well record the results. —Paul Wallich
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' MATHEMATICAL RECREATIONS

by Ian Stewart

Murder at Ghastleigh Grange

Holmes was playing an Irish air on
his violin when I was forced to in-
terrupt him.
“Holmes, we just received a letter
that describes a most urgent matter.”
“Please read it to me, Watson.”

I t was evening in 221B Baker Street.
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“The return address is Ghastleigh
Grange at Grimly Sinister:

Dear Mr. Holmes,

There has been a terrible murder.
Miss Melpomene Beetroot has been
bludgeoned to death with a chandelier.
The police are baffled. Please help us
solve this horrifying crime.

Cornelian, Duke of Ghastleigh.

“Watson, we have no time to waste.
Pack our bags and hail a hackney to
take us to the station. Such a singular
crime will test our wits to their utmost,
I do not doubt.”

Arriving at the nearby village of Grim-
ly Sinister, Holmes and I could see the
Ghastleigh Grange. The old castle com-
prised 46 towers arranged in three con-
centric circles about a single central
tower. They were linked together by nar-
row walkways that were all several sto-
ries high. The only visible entrance lay
across a drawbridge to the westernmost
tower [see illustration on this page).

b— GATEHOUSE

’- DUKE GHASTLEIGH

[ = Lapbvcamsoce

.- CHOL MONDELEY CARMINE
»- MISS BEETROOT

»— DUCHESS AMARANTH
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We were met at the entrance by the
butler, who introduced himself as Dun-
nett. He led us up a winding stairway
and along a walkway to a neighboring
tower, where we were greeted by the
Duke of Ghastleigh.

“Oh, Mr. Holmes,” he exclaimed. “I
cannot thank you enough.”

“No gratitude is required.”

“The murder occurred in Miss Beet-
root’s room. Do you wish to inspect it?”

“In a moment, your Lordship. I must
first send a telegram.”

“Dunnett will take care of it, Mr.
Holmes. We shall wait—it won’t take
long.” Soon the butler returned.

“Please follow me, gentlemen,” the
duke said. “Each tower of Ghastleigh
Grange is but a single large room, and
each is inhabited by one of the surviv-
ing members of the Ghastleigh lineage.”
They entered Miss Beetroot’s tower.

“This is where the dastardly deed was
done,” the duke sighed. “There used
to be a large chandelier hanging from
the center of the roof, but the murder-
er caused it to become detached in
some manner, and poor Melpomene
was asleep immediately below it.”

“Who found the body?” I asked.

“I did, sir,” the butler replied. “What
was left of it, sir.”

“So you were the last person to have
seen Miss Beetroot alive?”

“Apart from the murderer, yes.”

I noticed that Holmes, who had been
poking about the room with his magni-
fying glass, had stopped and was listen-
ing intently. “I fear we will find no clues
here, Watson,” he said. “The police have
disturbed the room far too thoroughly.”
He gazed about him. “To whose tower
does this door lead?”

“It belongs to the Duchess of Ama-
ranth,” Dunnett said.

“Might she be the murderer?”

“Dunnett has the only set of keys,”
the duke said. “They are extremely intri-
cate of design, and I do believe it would
be impossible for anyone to make du-
plicates. But in any case, the duchess is
terribly deaf and spends much of her
time asleep.”

Holmes nodded. “Was everybody in his
or her room on the night of the crime?”

GHASTLEIGH GRANGE is the scene of
the crime. Miss Beetroot has been mur-
dered in her room. Numbers show how
many walkways surround each region.



“Almost definitely,” the duke sighed.
“All my relatives are confined to their
rooms at night by the terms of my
grandfather’s will. The first duke had a
terrible fear of loneliness, so his will re-
quires each of his descendants to spend
every night at the Grange or else forfeit
all claims to the family fortune.”

“That’s right, sir,” Dunnett said. “Ev-
ery evening I check each tower in turn
and lock all the communicating doors.
Every morning I make my rounds again
and unlock them. On that awful morn-
ing, I knocked on Miss Beetroot’s door.
There was no reply. I became concerned
and unlocked her door. That was when I
saw the ... remains.”

“And nobody entered or left Ghast-
leigh Grange during the night?”

“No, sir. Never, sir. The only way to
do so is to pass through neighboring
towers until one reaches the entrance
tower, where I spend every night. I can
confirm that nobody passed in or out.”

“And all residents were in good
health when you locked them up?”

“Yes, sir. They all have bellpulls in
their towers, sir, and once the doors are
locked they ring through to the duke’s
tower to confirm they are present.”

“I use the bells to check that they
comply with the terms of the will,” the
duke said. “Dunnett is correct. I keep a
strict log, and every bell was rung.”

“But an intruder could easily ring a
bell,” I protested.

“No, Dr. Watson,” the duke replied.
“Each resident has a personal code,
known only to him or her and myself.”

Holmes turned to Dunnett. “Did you
enter any tower more than once?”

“Oh no, Mr. Holmes,” the butler cried.
“I enter a tower only once when I make
my rounds—that’s an inviolable rule. It
would never do to disturb anyone once
his or her tower has been locked.”

Holmes tried another line of inquiry.
“Your Lordship, did the police discover
the estimated time of death?”

“It was impossible to tell, Mr. Holmes,
because of the state of the body. From
the degree to which the blood had con-
gealed, they thought it was probably
before midnight.”

Holmes’s brow furrowed. “Is there
any way a person could pass between
the towers except along the elevated
walkways?”

“A skilled mountaineer might per-
haps scale the walls from ground lev-
el. But, Mr. Holmes, he would never be
able to do so at night. The Ghastleigh
family is very conscious of security.
Dunnett’s last act on his nightly rounds
is to release a pack of hounds onto the
grounds of the Grange.”

A boy from the post office arrived
at the entrance with a telegram for

Holmes—no doubt a reply to his earlier
missive. As he read it, I saw his eyes
narrow. “What route do you take on
your rounds, Dunnett?”

“It varies, sir.”

“Can you recall the route you took
on the evening of the murder?”

“No, sir.”

“That is most unfortunate.” Holmes
shook his head sadly. “Watson, we shall
hire rooms there for the night. We can
do no more here.”

“But, Mr. Holmes, the murder—"

“I did not say, your Lordship, that I
cannot solve the crime. [ was merely re-
marking that my investigation here is
complete. Dr. Watson and I have some
work to do, and I have no doubt what-
soever that shortly afterward I will
name the criminal. Dunnett, please call
a carriage.”

Holmes and I retired to a comfortable
inn in the village of Grimly Sinister.
“Holmes, did you really mean what you
said to the duke? About being confi-
dent of naming the murderer?”

“Watson, since when have I ever dis-
sembled to a duke?”

“But—there is so little to go on.”

“Nonsense, Watson! Let us rehearse
the pertinent facts. Miss Beetroot was
killed before midnight. No intruders
could have gotten in or out because of
the hounds. The murderer was there-
fore one of the inhabitants of Ghastleigh
Grange. Dunnett locked the inhabitants
in their separate rooms, and they re-
ported their presence to the duke once
he had done so. Dunnett started from
the entrance tower and returned to it,
entering each tower precisely once. Af-
ter the rooms were locked, the only
residents who could have entered Miss
Beetroot’s room without being observed
were her immediate neighbors. But to
do so, they must have had a key, and
Dunnett possesses the only set of keys.
The keys cannot be copied. Who, then,
could have committed the murder?”

“Uh—oh, of course! Dunnett! He
could have returned to the room after
Miss Beetroot had rung her bell to say
she was present.”

“Precisely. The duke told us that the
Duchess of Amaranth, whose room is
adjacent, is as deaf as a post and sleeps
heavily. Dunnett could have waited in
the duchess’s room until Miss Beetroot
had rung through and then reentered
to kill her.”

“With a chandelier?”

“He killed her with another weapon—
a length of lead pipe, perhaps—and
then arranged for the chandelier to fall
to obliterate the evidence.”

“An interesting theory,” I told him.

He nodded. “But as yet only a theo-
ry, Watson. How can we prove Dunnett
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The Grinberg Formula

he network below has 13

nodes connected by 19 paths.
A closed loop (red) visits each
node of the network precisely
once. Such a loop is called a Ham-
iltonian circuit. The paths not in-
cluded in the loop can be de-
scribed as inside diagonals (blue)
or outside diagonals (green). The
loop and the diagonals form sev-
eral regions, each with a number
of surrounding paths, or sides.
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If f; is the the number of re-
gions inside the circuit that have
J sides, then f,=1, f;=1 and
fe= 2. Likewise, if g, is the num-
ber of regions outside the circuit
that have j sides, then g;=2,
gs=1 and g;= 1. Since the net-
work contains a Hamiltonian cir-
cuit, it must satisfy the Grinberg
formula, which in this case is

(f3-95)+2(f4-9,) +3(f5-95) +
4(fs-g9¢) +5(f,-g,)=0.

When the values for f; and g;

are substituted in the left side of

the equation, the result is
(0-2)+20-0)+3(1-0)+

4(2-1)+5(0-1),
which is indeed equal to 0.

was the killer? The Duchess of Ama-
ranth would still be asleep when he re-
emerged, and then he would continue
his rounds as if nothing had happened.”

“The crash of the chandelier would
surely have awakened somebody—"

“The towers are isolated from one an-
other. No, there would be no sounds.”

“Dunnett would be delayed on his
rounds.”

“A few minutes only, if he had al-
ready weakened the chandelier’s sup-
port. Not enough to attract attention.”

I struck my forehead a blow with my
hand. “Then we are defeated, Holmes!
It can be none other than Dunnett, yet
the scoundrel must go free.”
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Holmes laughed. “By no means, Wat-
son. If fortune is with us, he may yet be
condemned out of his own mouth.” He
handed me a sheet of paper. On it was
a map of Ghastleigh Grange. “Watson,”
he said, “here is a simple puzzle for you.
Dunnett claims that his evening rounds
took him through each tower once and
once only. He cannot have moved from
one tower to the next except along the
walkways. Perhaps you will find such a
route for me.”

“Certainly, Holmes, there must be
hundreds of solutions.”

“In truth, Watson, I suspect that there
is not even one. I have asked you to find
a Hamiltonian circuit: a closed loop
through a network that visits each node
precisely once. It is named for Sir Wil-
liam Rowan Hamilton, who marketed
a puzzle asking for just such
a circuit along the edges of
an icosahedron. No foolproof
method is known, beyond sys-
tematic trial and error, that
can determine whether a giv-
en network has a Hamiltoni-
an circuit.”

“Then Dunnett has cheat-
ed the noose, Holmes, for the
network is too large to be an-
alyzed by trial and error.”

“Not necessarily, Watson. I
hope that in this case we may
be fortunate. I recently read
about the fascinating work of
a Russian mathematician by
the name of E. J. Grinberg. He
has devised a condition that
must be satisfied by any net-
work in the plane that pos-
sesses a Hamiltonian circuit.
We will see whether it is satisfied by
the towers of the Grange. Please check
my work, Watson.”

“I'll do my best, Holmes.”

“Imagine a network that can be drawn
in the plane—that is most important,
Watson. Although the walkways of
Ghastleigh Grange are elevated, they do
not cross one another. Let such a net-
work consist of nnodes and some num-
ber of paths connecting those nodes
[see box on preceding page]. Take for
granted that a Hamiltonian circuit con-
nects the nodes—"

“In other words,” I interrupted, “you
mean we're assuming that there is a
closed path through the network that
goes through each node only once.”

“Exactly. If that’s the case, we can de-
duce certain characteristics of the net-
work. First of all, we know that the
Hamiltonian circuit has n edges since it
visits each node once. The connections
that do not belong to the circuit run
‘diagonally,’ either across the interior
or the exterior of that circuit. The inte-
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rior is divided into a certain number of
regions by those diagonals that cross
it. If there are d diagonals, the number
of regions must equal d + 1.”

“Why is that, Holmes?”

“Imagine adding the diagonals one at
a time. The Hamiltonian circuit itself
borders one region, and each diagonal
produces an additional region. Now,
there is an alternative way to count the
number of regions. Each region has a
certain number of sides—edges of the
network that surround it. Suppose that
for each integer j, f; is the number of
regions that have j sides. Then the to-
tal number of regions in the interior
is also given by fo+ f3+... + [, And
therefore fo+ f3+ ... + fp=d+1.”

“Many of these fj are just equal to
zero. Am I right?”

DUNNETT cannot visit all the towers of Ghastleigh Grange
without retracing his steps. As shown above, he must re-
enter at least one of the towers.

“Yes. Next, I count the number of
edges that surround these regions in
two different ways. Any region with j
sides is bounded by j edges, so such re-
gions contribute jf; to the total.”

“So, Holmes, the total would be 2f,
+3f;+...+nf,.”

“Well, not quite. In such a count,
each of the d diagonals is counted twice,
once for each of the two regions that it
abuts, but the n edges of the circuit are
counted only once. Therefore, 2f, + 3f;
+ ...+ nf,,= 2d + n. Now, doubling the
first equation and subtracting it from
the second, I find that

fi+2f,+3f+...+(n-2)f,=n-2.

There is a similar equation for the
exterior of the circuit,

g;+2g9,+3g9.+...+(n-2)g,=n-2,
where g, is the number of regions out-
side the circuit that have j sides. Final-
ly, subtracting one equation from the
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other, I attain my goal, the Grinberg
formula:

(f3_g3)+2(f4_g4)+3(f5_g5)
+...+(n-2)(f,-g,)=0.

“Elegant, Holmes, and assuredly sub-
tle, but I fail to see the relevance to
Dunnett’s guilt. We have no idea what
the values of f; and g; should be. In-
deed, if there is no Hamiltonian circuit,
there are no such values at all.”

“I am hoping that the assumption of a
circuit will lead to a logical contradiction.
Now, Watson, if you examine the net-
work for Ghastleigh Grange, you will find
that all of its regions have either five,
eight or nine sides. If it has a Hamiltoni-
an circuit, then by Grinberg’s formula

3(f5-95)+6(fy-g5) +
7(fo- go) = 0.

“But there is only one nine-
sided region—the entire out-
side of the network—so that
fo— g4 is either 1 or -1. Yes, I
think we have the wretch. For
now we are logically forced
to conclude that 3(f;- g5) +
6(fg- gg) = =7. But it is impos-
sible to find a solution to such
an equation since f, gs, fy and
g, are integers. The left side of
the equation yields only mul-
tiples of 3, and the right side
can only equal +7 or -7.”

“Therefore, no Hamiltonian
circuit exists! Dunnett is lying.
Holmes, I am speechless with
admiration.”

He smiled at the compli-
ment. “Thank you, Watson. Dunnett
must have visited at least one tower
twice. The only reason he should lie is
that it was Miss Beetroot’s tower to
which he returned. And indeed, at least
one possible route visits all the tow-
ers—except Miss Beetroot’s—only once.
Tomorrow we shall confront Dunnett
with the evidence of his mendacity.”

“Brilliant, Holmes. But what put you
on to him?”

“I dispatched a discreet telegram to
Scotland Yard to check all of the sus-
pects’ files, and I found that his name
was Hugh.”

I scratched my head, baffled. “How
did that help, Holmes?”

“What else could I have concluded af-
ter receiving a telegram from Scotland
Yard telling me ‘Hugh Dunnett’?”

FURTHER READING

GRAPH THEORY. Edited by Ron Gould.
Benjamin-Cummings, 1988.
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BOOK REVIEWS by phitip Morrison

Before and After Columbus

THE TAINOS: RISE AND DECLINE OF THE
PEOPLE WHO GREETED COLUMBUS, by
Irving Rouse. Yale University Press,
1992 ($25). BLUE CORN AND CHOCO-
LATE, by Elisabeth Rozin. Paper cut-out
illustrations by Barbara Balch. Alfred A.
Knopf, 1992 ($23).

he 1,800-mile-long island chain

that parts the tropical blue Carib-

bean from the wide Atlantic
bends toward the American continents
like a forked sapling in a storm, its
southernmost roots set almost at the
mainland delta of the Orinoco. Florida
is loosely held between the two forked
ends. The Gulf-side limb is formed by
the four large mountainous islands of
the chain, but the ocean-facing one is
made by a thousand tiny coral-built is-
lands and cays, the Bahamas.

Two moonlit hours past midnight on
Friday, October 12, 1492 (we mark the
day by the Old Style calendar: actual day
count reckons the modern anniversary
as October 21), the Captain-General in
Santa Maria heard a cannon shot from
his lead ship, fast-sailing Pinta. That
was the prearranged signal for landfall
after their long voyage west. (Just such
a hopeful alarm under moonlight had
been fired, but in error, from Niria only
the Sunday before.) This time Colum-
bus was confident, for he felt he had
seen a night-light he held to be “a sign
from God.” His landfall was on a coral
island among the Bahamas, though on

just which low cay he first set foot re-
mains uncertain within 100 miles or so.
There his ships lay to, six miles out at
sea, until “at dawn we saw naked peo-
ple and...went ashore” by boat.

Two worlds of humans, one Old, one
New, were stitched together that day as
twice before. Five hundred years ear-
lier a few Norse seafarers had made a
homestead transiently in Newfound-
land. Some 10,000 years earlier still,
bands of men and women from north-
eastern Asia foraged across the low-
lands where now lies the cold Bering
Sea to populate two continents before
the glaciers receded to flood the pio-
neer paths. (Earlier joinings, and even
other routes, are not yet excluded.)

The naked islanders Columbus saw
were Tainos. He describes them as
“very well-built...tall...none of them
has a paunch.... They are friendly and
well-dispositioned...they bare no arms
save for small spears, and they have no
iron.” They held alluvial gold, which
they beat into small plates for orna-
ment; the chief's wore cast pieces of gold
alloy traded up from South America.

The Taino are gone now, replaced by
quite different people. Whence they
came and how they went are the topics
of this volume, a fascinating account
by Irving Rouse, a candid, scrupulous
and scholarly archaeologist at Yale Uni-
versity who has spent 55 years in the
field and among dusty shelves in search
of the Taino and their kin.

The Taino world, including a few tens
of thousands of the people in the Baha-
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AT TIME OF COLUMBUS’S VOYAGE, the Taino inhabited the four larger islands of
the Bahamas. At either end of the chain lived people who spoke other languages.
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mas, centered on the four larger is-
lands—Cuba, Jamaica, Hispaniola and
Puerto Rico. At both ends of the chain
lay the lands of people of other tongues.
In western Cuba the Guanahatabeys,
and in the southernmost of the Lesser
Antilles the Island-Caribs. The Tainos
themselves came to number perhaps
as many as two million, a thousand or
two large villages of wood and thatch,
chiefdoms under their caciques, who
could be men or women. They lived
by a sophisticated tropical agriculture,
cropping rows of mounded beds of the
soft soils where root crops grew, their
staples cassava and the sweet potato.
Maize, eaten off the cob, was less im-
portant for them than for the mainland
peoples. They grew also squash, beans,
pineapple, peppers, peanuts, cotton and
tobacco. They freely took fish, iguanas,
parrots, but of land mammals they
knew only dogs. They speared river-
mouth manatees for meat.

They were skillful coastal seafarers
in paddled dugout canoes, including
some boats of giant size that held 150
persons; they had no sails nor blue-wa-
ter navigation skills beyond expert pi-
lotage. They “traveled by sea whenever
possible.” So much were they at home
on the sea that Taino subcultures can
be assigned to specific ocean passages
between islands: the two sides of each
sea passage tend to be more alike cul-
turally than are groups separated by
equal stretches of land.

The West Indies were first settled
about 4000 B.C., perhaps by river valley
people who worked their tools in flaked
flint. Most likely they came by canoe
from Belize to Cuba. These were peo-
ple oriented not to the sea, but to the
land. Land mammals, such as ground
sloths, were there as game on the larg-
est islands as late as 800 B.c. These
early comers did not enter the small-
er islands.

The Archaic people, coastal folk from
South America, arrived in the islands
about 2000 B.C.; their tools were ground
of stone, bone and shell. The two
groups met first at the Mona Passage be-
tween Puerto Rico and Hispaniola. Much
later a new distinct group entered from
the Orinoco Valley, probably following
the strong outpouring currents of that
river to the nearest islands. They made
pottery, whose shards supply much evi-
dence; they were the forebears of the
Taino. A complex set of interactions
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Learn about the challenge! The U.S.
Academic Decathlon is a national
scholastic competition which provides
recognition and reward for solid
academic endeavor. Individual high
school students compete in their grade
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along shifting frontiers finally led to
the end of the initial inhabitants. They
were replaced by the group who be-
came fully Taino by about A.D. 1200 in
a little-documented maturing of that
culture across all the central islands.
That was the first of the two repeo-
plings of the island chain.

The signs of mounded agriculture,
courts for the ceremonial ball game
played with rubber balls from the main-
land, some Taino language, some Taino
art, and some Taino genes remain in
the West Indies. So cavalier a summa-
tion cannot do justice to Professor
Rouse’s discriminating arguments. His
is a wise and powerful method, some-
times uniting, sometimes contrasting,
the biological, linguistic, cultural and
finally the ethnohistoric lines of evi-
dence, based on study of the Spanish
chroniclers.

But the Tainos were soon ended as a
people. Columbus and his brother
brought out several thousand Spanish
colonists. Neither their seed crops, their
goldfields nor their livestock worked
well. The Taino, forcibly taxed for gold,
cotton or food, could not pay; they
mounted revolts by 1495. Columbus
himself, a failed ruler, was sent back to
Spain in chains in 1500 for a year or so.

The tales both of circumstance and
maltreatment are gloomy; smallpox,
military defeat, atrocious punishments,
even massacre, famine arising from in-
tolerable demand for forced labor, and
overwork steadily and swiftly reduced
the Taino population. Taino sent to
Spain as slaves proved poor workers,
fell ill and were sent back by the crown.
Some 40,000 of the “well-intentioned”
Taino were removed as slaves. Others
were rented to colonists for work in
the goldfields (which failed around
1520). In 1515 sugarcane arrived from
the Canaries, and the forced labor was
set to tend the cane fields and the live-
stock. By 1524 there were more main-
land Indian and black African slaves
than Taino in the islands; by 1540 few
Taino remained. The Spanish too left,
abandoning many towns, drawn by the
spoils of mainland conquest. The West
Indies became a backwater until the
17th-century rise of the trade in sugar.

Many Taino women had married
Spanish settlers, so that a large propor-
tion of the modern population of the
Spanish-speaking islands is able to
claim partial descent from the Taino.
Taino culture appeals to feelings of cul-
tural identity, and across Puerto Rico
there are parks and museums that at-
tract the local people through a mix of
Spanish, African and Taino traits. The
reconstructed dance and ball courts at
Caguana, shown in the book in a good
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aerial view, offer an outstanding exam-
ple. A revival of Taino art, some of it of
the highest quality, has taken place. A
haunting and intricate old carving in
shell of the dog deity, from Antigua
but of uncertain origin, decorates the
book, and we see a number of the enig-
matic carved “three-pointers,” perhaps
the supreme deity, who held the spirit
of cassava.

In the rest of the polyglot West In-
dies, Taino depopulation preceded Eu-
ropean colonization; those islanders
boast no Taino genes but trace their
origins back to Africa, Asia or Europe.
European powers first came to chal-
lenge Spain once sugarcane became a
source of profit about 1625; Spanish-,
English-, French- and Dutch-speaking
islands were and remain much ruled by
the tyranny of sugar.

The population of these twice-repeo-
pled islands has reached now a dozen
times the count of the Taino. But the
slaughter bench of history, and of pre-
history as well, must sadden every rec-
ollection of those tragic junctures. There
is of course another story to tell—and it
is brought to life in Elisabeth Rozin’s
fine cookbook. On all the continents,
every day, many still enjoy what Taino
culture gave its sail-borne visitors: cas-
sava, tobacco, maize (in yellow, white,
red, black, blue and speckled), chile
peppers, squash, pumpkins, beans nev-
er before seen, fragrant pineapple, and
peanuts. True, the glistening gifts of
tomato, potato, chocolate, vanilla and
the domesticated turkey, as well as
rubber and more, went to the outside
world straight from the two continents
and not by way of the islands. That ini-
tial island list is luminous enough.

With the recipes are photographs,
drawings (one shows the genuine Aztec
turkey), colorful decorations and accu-
rate, pointed little essays on relevant
issues: how corn and beans and alka-
line ash are related to good human nu-
trition, the nonfattening virtues of the
unbuttered potato, how to draw on
Asia and Africa to confer higher status
on the humble peanut. Here are 175
varied recipes that score the products
of the gifted people of the New World
in a long theme whose variations are as
unexpected as purple Peruvian potatoes
and blue Southwestern corn, turkey in
red chile sauce and beef in a spicy,
unsweetened, chocolaty one.

“We repaid them,” Rozin writes, “by
wiping them out.... But they are...part
of us, those ancient farmers and hunt-
ers and naturalists and cooks, and their
food too is our food.... In eating, if
nowhere else, we celebrate the unity
that comes from diversity.” Let the an-
niversary proceed in that spirit.



Telescope Territory

UNUSUAL TELESCOPES, by Peter L. Man-
ly. Cambridge University Press, 1991
($39.95).

Zen tale recounts how an acolyte
Awas once told to polish a brick
into a mirror. The feat remains
a challenge, but this delightful little
book surveys some near approaches:
astronomical telescopes that use mir-
rors of obsidian, glazed earthenware,
specialized ceramics, foamed glass,
plastics, rotating pools of mercury, alu-
minized films pulled concave by vacu-
um, and cast metal alloys like that Isaac
Newton ground and polished. Tokyo
Observatory uses a zenith telescope
with a porcelain tube to provide high
thermal stability. Wooden tubes are
shown—and no-tube designs. A fine
design exists for a solid Schmidt tele-
scope with the fastest optics ever
planned, at £/0.2. It would require a
few tons of diamond if built at compet-
itive scale; no date has been set for
construction.

Some of these contrivances are in-
spired amateur improvisation, some
are “blatantly odd,” others represent
the leading edge of professional tech-
nology, like the contemporary comput-
er-controlled rapid movement of parts
of the optical train to compensate for
atmospheric twinkle. Telescope territo-
ry is a technical wonderland, the author,
himself a wanderer there, nicely re-
minds us. It is better understood once
you recognize that “the basic idea of a
reflecting telescope” is to hold at most
a few grams of aluminum in a very pre-
cise place. The mounting that does the
job may weigh up to hundreds of tons;
there is clearly room, and to spare, for
novel designs.

The smallest telescopes here are not
astronomical. Made to help certain cas-
es of defective vision, they are Galilean
telescopes that do not invert the image,
like one tube of an opera glass. A little
telescope one centimeter long, with a
clear aperture of three millimeters di-
ameter, is mounted in each lens of a
pair of spectacles. The user sees an im-
age magnified 2.5 times near the cen-
ter of his visual field. Some people can
drive a car only when using such an aid.
The device amazingly recaps the pre-
history of the telescope; years before
the Dutch opticians and Galileo, similar
small eye telescopes were probably tried
out as visual aids by G. B. Della Porta in
Naples. To set off such professional el-
egance, we see a beer can telescope, eye-
piece coming out of a mounted can
within which a cosmetics mirror forms
the image.
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to the American
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Big telescopes are headed by the fa-
miliar grand 1,000-foot radio dish in
Arecibo, Puerto Rico. Much less known
are the biggest refracting telescopes.
The working lens at Yerkes Observato-
ry is the largest one of real and lasting
utility. Then there is the Great Treptow
Refractor in Berlin, built in 1896. It
holds a 27-inch lens out at the end of a
giant 60-foot tube, longer than Yerkes,
and “a massive example of ‘iron and
rivet’ engineering” that weighs 120 met-
ric tons. It was built for public educa-
tional use. Observers stand quite still
at the center of rotation, and the great
machine swings around them. The jack-
et cover shows a cutaway view of this
wonder. A computer-restored engineer-
ing drawing to which Susan Manly has
added tongue-in-cheek a couple of view-
ers, only the lady a cynosure, in vermil-
ion period hat and gown with top-hat-
ted escort. (Save the dust jacket!)

There are 150 designs treated here,
telescopes of all sorts. Examine the im-
mobile scope, vertical at the South Pole,
computer-controlled via satellite link
by its creators in Florida, modern sa-
vants who know how to live. This cheer-
ful and original book is amusing and
genuinely instructive at once.

The Culture of Childhood

I SAW ESAU: THE SCHOOLCHILD’S POCK-
ET BOOK, edited by Iona and Peter
Opie. Illustrated by Maurice Sendak.
Candlewick Press, 1992 (2067 Massa-
chusetts Avenue, Cambridge MA 02140)
($19.95).

or nearly four decades, the Opies
acted as intrepid ethnographers

among the great tribe of chil-
dren—watching, listening, sometimes
advancing in giant steps, along the
mean streets and open greens of Britain
and beyond. In volume after volume,
they assembled and annotated the folk-
lore and folkways that pass from child
to child in the old and vigorous culture
all of us shared for years before we
were compelled to depart. Here is their
first work of all, reissued, a chunky little
book rather bigger than your hand. It is
the accumulation of 174 *“traditional
rhymes of youth,” first published in a
small edition in the paper-starved post-
war year of 1947. Walker Books and
their American friends have made us a
present of the work anew, including
modified endnotes by Iona Opie. They
have persuaded a most gifted artist to
illuminate the book both in fact and in
metaphor with a drawing or two on ev-
ery page, in colors, pen and pencil.
In the counting rhyme, “I one my



mother. /I two my mother. /I three my
mother..../I ate my mother,” Sendak
shows her inside the voracious baby.
But later, in “Rain, rain, go away,” she
turns herself into a tree to shelter him.

The book presents artful texts, main-
ly old, irrefutable evidence. In the word-
song, you hear the origin of poetry, the
catch of the sound dominant over mere
aptness or reason. In the jest and word-
play, you glimpse the rise of wit and hu-
mor. Open or covert intention in many
of these verses foreshadows our seven
deadly sins. (Only avarice, perhaps, is
poorly represented among the young;
envy, lust, greed, anger, pride and sloth
abound.) Here passim you join the pop-
ular feast of laughter, “best antidote to
the anxieties and disasters of life,” to
cite Iona Opie’s sage introduction.

Sendak certainly sees the joy and
power of children but equally reminds
them of inevitable suffering. One Satan-
ic drawing repeats Sendak’s own exas-
perating Pierre, who just didn’t care
but was “boiled till he was done.”

An insult: “Tommy Johnson is no
good,/ Chop him up for firewood;/
When he’s dead, boil his head,/ Make it
into gingerbread.” A grace: “Bless the
meat,/ Damn the skin./ Open your
mouth/ And cram it in.” (Sendak has

MAURICE SENDAK’S DRAWINGS illustrate Iona and Peter Opie’s collection of chil-
dren’s rhymes. Here, “Sam, Sam, dirty old man, / Washed his face in a frying pan,/

Combed his hair with a leg of a chair.”

painted the old Cramit Inn on the fac-
ing page.) Repartee for small folk:
“‘Have you got a sister?’/ ‘The beggar-
man kissed her!’/ ‘Have you got a
brother?’/ ‘He’s made of India rub-
ber!’/ ‘Have you got a baby?’/ ‘It’s
made of bread and gravy!'” (You can
plainly see that uncommon infant right
on the tray.) Latinity: “Brutus adsum
jam forte,/ Caesar aderat./ Brutus sic
in omnibus,/ Caesar sic inat.” An ado-
lescent lullaby: “Good night, sleep
tight./ Don’t let the bugs bite;/ If they
do, don'’t squall,/ Take a spoon and eat
them all.”

These have putative sources, some
lost in the depths of time, some inno-
cently rediscovered and held as new.
“Mairzy Doats,” a swing lyric of 1943,
was naively claimed original, but a 15th-
century verse is cited here: “Is thy pott
enty, Colelent?/ Is gote eate yvy./ Mare
eate ootys.” The locutions are about as
old as the medium of transmission; here
the mean age is that of the widespread
printed word that records Modern En-
glish texts, a couple of centuries.

Close with the title verse, a small dra-
ma of love and grammar: “I saw Esau
kissing Kate,/ The fact is we all three
saw;/ For I saw him,/ And he saw me,/
And she saw I saw Esau.”

OBeT /
flﬁlmn u ik ‘
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E S SAY by Gerard Piel

Agenda 21: Sustainable Development

ow that the chiefs of 178 mis-

sions have entered their open-

ing statements in the minutes,
the 47th General Assembly of the Unit-
ed Nations, convened at its headquar-
ters in New York City, has got down to
the real business at hand. This business
is Agenda 21, the work product of the
U.N. Conference on Environment and
Development, held at Rio de Janeiro in
the first two weeks of June. The chanc-
es are good—that is, if the chances are
good for the human future—that Agen-
da 21 will supply the agenda of many
general assemblies to come.

In 40 chapters, Agenda 21 spells out
the tasks necessary to secure “sustain-
able development.” It is a program for
husbanding the planet’s wasting re-
sources. Along with the roster of prob-
lems familiar to environmentalists—the
ozone layer, global warming, deforesta-
tion, desertification, soil erosion, biodi-
versity—Agenda 21 addresses action to
be taken against poverty, infant mortal-
ity, malnutrition, epidemic disease, illit-
eracy and other afflictions that waste
that other resource of the planet: its
human population.

With the action prescribed by Agen-
da 21 concerted by the U.N., the earth
may be made to support the inevitable
increase of the human population to
not less than 10 billion toward the end
of the next century—and to sustain the
population thereafter, stabilized around
the number at which it will then have
arrived. From chapter to chapter, Agen-
da 21 prices out the capital requirement
for each of the jobs to be done. To each
of two classes of nation—the developed
and the developing—it allocates their
share of the capital necessary to ac-
complish that task. Allocations to the
two parties vary from chapter to chap-
ter, depending on the nature of the re-
quired input of technology.

All told, the requirements build up to
$600 billion per year, to be maintained
until development becomes self-sus-
taining. For the developing nations, the
cumulative allocations add up to more
than three quarters of the annual in-
vestment, principally in the form of la-
bor and resources. For the developed
countries, that leaves a balance of $125
billion, to be supplied principally in the
form of essential technologies.
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The adoption of Agenda 21 by the Rio
conference commits no nation to do
anything. It carries even less commit-
ment than the two environmental con-
ventions signed by 110 heads of state
and government at the Earth Summit
that climaxed the proceedings at Rio.
The global warming convention was re-
duced by objections from the U.S. to
little more than a declaration of intent.
From the biodiversity convention the
president of the United States withheld
his crucial signature. Yet Agenda 21 will
carry more weight than solemn under-
takings of the community of nations,
or they too will come to nothing.

Agenda 21 concerns nothing less than
the accommodation of the human spe-
cies to the resources of the earth. Lo-
gistically at least, it shows this goal is
feasible and finite.

In the developed countries, industri-
al revolution has so increased individ-
uals’ material well-being as to bring
their population growth to a halt. As-
sured of the survival of their first in-
fants, people make the decision to stop
having children. The celebrated popula-
tion explosion of the developing coun-
tries evidences the beginning of indus-
trial revolution there. The more portable
technologies—popular education, sani-
tation, preventive medicine and the
green revolution—have brought length-
ening of life expectancy everywhere.

The rate of increase of the world
population has been in decline since it
peaked at about 2 percent in 1970. In
some countries, most notably India and
China, birth rates have been declining
as the death rates of the under-five-
year-olds have fallen.

In its favor, Agenda 21 has a 50-year
history at the center of international
politics. In the aftermath of World War
IT and at the founding of the U.N., securi-
ty meant economic development. With
Point 4 in his 1948 inaugural address,
Harry S. Truman rallied his country-
men to carry the Marshall Plan, which
had begun the rebuilding of Europe, to
the underdeveloped countries. For the
U.N. General Assembly, a group of ex-
perts estimated in 1951 that annual in-
vestment on concessional terms of 1
percent of the gross domestic product
(GDP) of the developed countries, sus-
tained to the end of the century, would
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see the underdeveloped countries into
their industrial revolutions.

In 1961, even after the cold war had
made arms control the synonym of se-
curity, John F. Kennedy moved the U.N.
General Assembly to declare the 1960s
the Decade of Development and com-
mitted 1 percent of his country’s GDP
to the vision. When hindsight could see
the 1960s as the Decade of Disappoint-
ment, the industrial nations pledged the
“more realistic” figure of 0.7 percent of
their combined GDP to the economic de-
velopment of the underdeveloped coun-
tries. Nothing, however, came of these
unilateral promises from above.

In the 1970s the underdeveloped
countries were emboldened by the OPEC
oil-price shocks to call for a New In-
ternational Economic Order. The devel-
oped nations not only were to meet
their promises of economic assistance,
they also were to revise the terms of
trade under which the underpriced re-
sources of the preindustrial countries,
beginning with oil, subsidized the pro-
longed expansion of the industrial econ-
omies. Nothing came, either, of the uni-
lateral challenge from below.

In the framing of Agenda 21, the na-
tions were at least driven to take up the
long-overdue task of development by
fear, rising worldwide, for the environ-
ment. Old habits die hard, however;
Agenda 21 is the product of hard bar-
gaining. The 500-page draft went to Rio
with all “implementation” (funding) pas-
sages bracketed for negotiation there.
From Rio, Agenda 21 came inflated to
1,000 pages by the fudging compro-
mises that removed the brackets.

Whatever those compromises, the
rich and poor nations have agreed for
the first time on what it will take to
bring the human species to adjust its
numbers and its appetites to the di-
mensions of a mere planet. They have
described the task to be done.

The unemployed people-power and
the underutilized resources of the poor
nations await the technology to put
them to work. The $125 billion for tech-
nology comes to just under the long-
promised 0.7 percent of the GDP of the
industrial countries.

GERARD PIEL is chairman emeritus
of Scientific American. His most recent
book, Only One World, addresses the
challenge of achieving economic growth
in a sustaining environment.
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prehistory to the present, 1in12ing
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