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W00 SUKHWANG gives stem cell
research a bad name.

Five decades after it was revealed as a forgery,
the Piltdown man still haunts paleoanthropology.
Now, thanks to the disgraced stem cell researcher Woo
Suk Hwang, cell biology has a high-profile scandal of
its own to live down. Few recent papers in biology
have soared as high in acclaim as Hwang’s 2004 and
2005 announcements of cloning human embryonic
stem cells—or plummeted as fast into infamy with the
discovery that they were
rank fakes [see “Down in
Flames,” by Sara Beardsley,
News Scan, on page 20].
Embryonic stem cell
(ESC) research is no less
promising today than it was
before Hwang’s deceit was
revealed; most investigators
continue to believe that it
will eventually yield revolu-
tionary medical treatments.
That no one has yet derived

ESCs from cloned human
embryos simply means that the science is less advanced
than has been supposed over the past two years.

Still, Hwang has badly sullied the reputation of a
field that already has more than its share of political
and public relations problems. Some longtime oppo-
nents of ESC research will undoubtedly argue that
Hwang’s lies only prove that the investigators cannot
be trusted to conduct their work ethically, and the
public may believe them. This is one more crime
against science for which Hwang should be ashamed.
(A minor footnote to this affair is our removal of
Hwang from the 20035 Scientific American 50 list; see
the retraction on page 16.)

In recent years, fabricated data and other fakery
have been uncovered in work on materials, immunol-
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ogy, breast cancer, brain aneurysms, the discovery of
new elements and other subjects. As the volume of
publication rises, fraud will probably rise with it. Be-
cause of the growing financial ties between univer-
sity researchers and corporations, not to mention the
jockeying for leadership among nations in high-
stakes areas such as stem cells, some scientists may
feel more pressure to deliver results quickly—even if
they have to make them up.

These affairs have something in common with the
Jayson Blair and Stephen Glass scandals that not long
ago rocked mainstream journalism: all these scams
exploited the trust that editors extend to submitting
authors. The editors and peer reviewers of scientific
journals cannot always verify that a submitted pa-
per’s results are true and honest; rather their main job
is to check whether a paper’s methodology is sound,
its reasoning cogent and its conclusions noteworthy.
Disconfirmation can only follow publication. In that
sense, the Hwang case shows how science’s self-cor-
recting mechanism is supposed to work.

Yet it is important not to brush off the Hwang
case as a fluke without considering its lessons for
the future. For instance, Hwang’s papers had many
co-authors, few of whom seem to have been party to
the cover-ups. But what responsibilities should co-
authors have for making sure that papers bearing
their names are at the least honest?

We should also think hard about whether
Hwang’s deceit went undetected for months because
so many scientists and science journalists wanted to
believe that ESC research was progressing rapidly,
because that would hasten the arrival of miraculous
therapies and other biomedical wonders. Extraordi-
nary results need to be held suspect until confirmed
independently. Hwang is guilty of raising false expec-
tations, but too many of us held the ladder for him.

THE EDITORS editors@sciam.com
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Milky Way, and on a mid-
summer’s eve the very center

of it can be picked out within
the Sagittarius constellation.
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the earth’s atmosphere obscures the true brilliance of our
galaxy, and astronomers have long struggled with images
blurred by its mix of gases and turbulence. Now researchers
have used a new laser-generated star to obtain the clearest
pictures yet of the Milky Way’s center.

New Find Pushes Back Date

of Mayan Writing

Scientists have identified the oldest known Mayan
writing—dating from between 300 and 200 B.C. Previous
examples of Mayan script could be confidently dated only
to around A.D. 250, leading to speculation that the
Mayans had inherited their writing from other, older
cultures, such as the Zapotec, despite stylistic differences.
The discovery seems to upend that theory, proving that
the ancient Mayans were as literate as their descendants.

Science vs. the Death Penalty

The U.S. remains the only developed Western nation to
permit executions despite serious flaws in the system. No
need for any pacifist proclivity or liberal leaning to see
that—just look at the science.

Ask the Experts

Why does eyesight deteriorate with age?

David Zacks, a retina specialist and assistant professor
of ophthalmology and visual sciences at the University
of Michigan Kellogg Eye Center, explains.
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“BE PREPARED,” the Boy Scouts’ motto, is simple enough
for children to remember. Why then can it be so difficult to
plan for foreseeable disasters? Two November 2005 arti-

| Letters
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cles addressed that question: “Preparing for a Pandemic,” .

by W. Wayt Gibbs and Christine Soares, and “Preparing for
the Worst” [SAPerspectives], which also discussed events
such as Hurricane Katrina. Reader Colin Buss of Campbell
River,B.C., observes, “If global healthis at stake, the inter-
national community, including the U.S., may be better off
not allowing the wealthier nations to dictate health strat-
egyifitis at the expense of the greater good.” Kelsey De-
Forge warned via e-mail not to assume treatment will be
free: “The U.S. must assure thatthose who require vaccina-

tionsreceive financial help if necessary. Otherwise treatment will be accessible only to those
who can afford it, rather than those most atrisk.”

EXPECTING THE EXPECTED
In “Preparing for the Worst” [SA Per-
spectives], the editors again do not waste
an opportunity to stick a thumb in the
Bush administration’s eye. And although
you are truthful in what you say, what is
telling is that which you omit: it was the
Louisiana congressional delegation that
coveted the funding for levee improve-
ment and then led the charge to divert it
to other purposes.
Van Snyder
LaCrescenta, Calif.

I was struck by the similarity of the pho-
tograph of a Louisiana house surround-
ed by water that appeared in the Los An-
geles Times on September 25,2005, and
one in Scientific American’s October
2001 issue. The latter was from the ar-
ticle “Drowning New Orleans,” by
Mark Fischetti, whose introduction
states: “A major hurricane could swamp
New Orleans under 20 feet of water,
killing thousands....”

Our leaders have told us that nobody
could have foreseen the devastation
wrought by Hurricane Katrina. They
have rejected the process of accumulat-
ing knowledge through scientific analy-
sis. In these times, when one of the best-
established laws of nature is again being
put on trial, perhaps your warning was
rejected because the word “scientific” is
in your title? I suggest that you should

substitute the word “fundamental,” so
that nonscientifically inclined citizens
will not be repelled before having a
chance to learn from your presentations.
Stuart Spence

Los Angeles

PANDEMIC PREP

Thanks to Christine Soares and W. Wayt
Gibbs for their thoughtful overview in
“Preparing for a Pandemic.” To opti-
mize scarce hospital resources, however,
we will need to provide clear direction
for safe home care of patients with pan-
demic influenza.

We do not yet know exactly how
H5N1 influenza will spread. We should
start, however, to prepare this informa-
tion for home care now by using our ex-
perience with ordinary flu. The public is
eager to know: how far in advance of the
onset of symptoms someone is conta-
gious; the safe distance from an infected
person if one is wearing no protective
equipment; the type of masks that are ef-
fective in preventing transmission, or if
they are entirely worthless; whether eye
protection is necessary; how important a
factor hand or fomite (contaminated ar-
ticle) transmission is; and how to protect
caregivers and identify when a higher
level of care is needed. We should begin
the research without delay.

Marian McDonald, R.N., C.I.C.
Sebastopol, Calif.
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U.S. policy asstated by Soares and Gibbs,
which assigns the first shots to key gov-
ernment leaders, medical caregivers,
workers in flu vaccine factories, pregnant
women, infants, and elderly and ill peo-
ple who are already in the high-priority
group for annual flu vaccines, strikes me
as both inconsistent and wrong.

The first three groups make sense if
the goal is preventing a breakout pan-
demic—they are both the most at risk of
exposure and the most necessary to pre-
vent further exposure of others. The rest
of the priority classes do not fit this test.
They may be the groups who will suffer
most, but they are not most likely to
communicate the disease. That dubious
distinction goes to school-age children,
especially those attending nursery
school. They are the proper focus of pre-
ventive vaccinations.

Mark Field
Los Angeles

TINY TECHNOLOGY, BIG CHALLENGE
The technology described in “Crossbar
Nanocomputers,” by Philip J. Kuekes,
Gregory S. Snider and R. Stanley Wil-
liams, has a long way to go before it can
be used in logic and memory. As in old
crossbar telephone offices, a routing
pathis readily set up through such a ma-
trix, but accessing any bit in such a ma-
trix intended to serve as a memory is de-
feated by “sneak paths.” Structures of
this type are not new at a more macro
level: 40 years ago researchers knew that
blocking diodes were required in a fuse-
based read-only memory; the need was
rediscovered in “ovonic” memories us-
ing amorphous glasses. Logic is difficult
even with active elements having only
two terminals, as tunnel diodes (also
known as Esaki diodes) showed.

The maturity (read “huge existing
investment”) of the incumbent technol-
ogy will make any new processes re-
quiring changes across the whole engi-
neering infrastructure unlikely for many
years, if ever.

R.C.Foss
Ottawa, Ontario

16 SCIENTIFIC AMERICAN

KUEKES, SNIDER AND WILLIAMS REPLY:
Ourarticle is an extremely abbreviated and
fairly nontechnical description of a body of
research performed by dozens of scientists
that has been ongoing for nearly a decade
at Hewlett-Packard Laboratories and else-
where. We are aware of everything pointed
out by Foss butdid not have the opportunity
to describe all the details in the available
space. They can be found, however, in the
nearly 100 articles we have published in
refereed technical journals and the 50 pat-
ents we have been issued in this area.

PLATONIC GRAVITY

When I read in “The Illusion of Gravi-
ty,” by Juan Maldacena, about the ho-
lographic model, I immediately thought:
Plato had it exactly wrong. In his alle-

PULLING STRINGS: Could gravity be a
holographicillusion?

gory of the prisoners in the cave, the
two-dimensional shadows on the wall
of the cave are mistaken for reality. In
contrast, the holographic model says, in
a sense, that the “shadows” are the real-
ity. It is the three dimensions we think
we see that are the illusion.
Bill Grundmann
Chelmsford, Mass.

MILKING GENETICS

In “The Land of Milk and Money,” Gary
Stix speculates about the possibility of
producing a therapeutic protein, ATryn,
in the milk of genetically modified goats.

| Letters

Certainly reducing the cost of medicine is
an admirable goal. If such a production
process goes forward, however, I hope
that very strict quality assessment stan-
dards are applied. In particular, ATryn
from genetically modified goats should
be identical to that derived by traditional
methods, rather than merely “substan-
tially equivalent.” Genetically engineered
foods and other products are considered
substantially equivalent even though they
contain novel proteins or other substanc-
es not found in the original. Allowing
such substances in medicines intended for
the seriously ill should be considered a
grave risk and therefore not acceptable.
Hugh Lehman

Guelph, Ontario

RETRACTION The editors of Scientific Amer-
ican have removed Woo Suk Hwang as Re-
search Leader of the Year on the December
2005 Scientific American 50 list. Long after
thatlistwent to press, Hwang’s seemingly
landmark accomplishments in stem cell re-
searchwererevealed as fakes. Hwang’s de-
ceptions misled Scientific American along
with the rest of the international scientific
community.Afull statementofretractionis
available online at www.sciam.com in the
News section for December 15, 2005.

ERRATA In“The lllusion of Gravity,” by Juan
Maldacena, the description of a DVD having
rings of magnetized dots is actually that of
acomputer hard drive.

In “Case Cracked” [Working Knowledge],
itwas said thatcashews growinside a pedun-
cle,afalse fruit. They grow on the outside.

CLARIFICATION In“Preparing foraPandem-
ic,” by W. Wayt Gibbs and Christine Soares,
NexBio’s Fludase was described in the box
“New Flu Drugs” on page 54 as a drug that
blocks the sialicacid receptor. Specifically, it
isan enzyme thatworks by disabling this re-
ceptor. The cell-cultured vaccine being devel-
oped by Protein Sciences found in the box
“New Vaccine Technologies” on page 49 has
been qualified by the Food and Drug Adminis-
trationforaccelerated approval, which would
make marketintroduction likelyin 2007.
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Geology Uproar = Big-Gun Battleships = Horsepower for Horse Dung

MARCH 1956
COMBAT STRESS—“Military command-
ers must have a thorough understanding
of the effects of combat stress to make
the most efficient use of their manpower.
With such knowledge they could judge
whether a unit was prepared for battle,
how long it could fight effectively and
how much rest it should be given before
being sent into action again. During the
Korean war the U.S. military services
made a study of combat stress—a first
step in a long-range program. One thing
is certain: recovery from the acute stress
of combat is a matter not of hours but of
days. The time-honored rest cure for
fighting troops—a hot meal and
a good night’s sleep—evidently
is not sufficient.”

EARTH IN UPHEAVAL—“The
third in the series of Immanuel
Velikovsky’s unconventional re-
interpretations of earth history
has been published, and it is not
necessary to read many pages to
find that it is as generously
packed with nonsense as were its
predecessors. After the publica-
tion of the first of these books,
Worlds in Collision, in 1950,
emotions have run high; the sci-
entists have said that Velikovsky
is crazy; the publishers have said
that the scientists are intolerant;
Velikovsky implies that he is a
martyred genius; the public-at-
large is confused. But a scientific
controversy implies that scien-

ship is an entirely new type, and intro-
duces a new era in the art of warship
construction. The ‘Dreadnought’ is the
fastest and the most powerfully pro-
tected and heavily gunned warship yet
constructed. Itis in the armament of the
‘Dreadnought’ that the most striking
advance has been made. It was demon-
strated in the battles of the Japanese
war, that the vital damage was done by
shells of 10- and 12-inch caliber, small-
er guns proving largely ineffective at the
great ranges at which the battles were
fought. Therefore the 6-inch guns (the
secondary armament) have been abol-
ished altogether.”

STREET SWEEPING, by machinery and horsepower, 1856

etc. These indicate the presence of the
Portuguese at some time. Articles of iron
and copper are supposed to represent
comparatively recent Kaffir occupation;
while worked gold in plates, bangles,
beads, tacks, etc., are considered to be
typical of the ancient builders who, in
search of the precious metal, penetrated
into what was to them the uttermost
part of the world.”

MARCH 1856

STREET CLEANING—“Philadelphia, we
believe, is the only city in America where
street sweeping machines have found a
permanent employment. The time is not
far distant when hand sweeping
in the streets will be wholly su-
perseded by mechanism. Its lib-
eral adoption will contribute
greatly to the health and neat-
ness of our towns. The machine
herewith illustrated consists of a
light three wheeled vehicle. Re-
ciprocating brooms carry dirt
up the small inclined leaf, on to
the endless revolving belt, which
deposits the dirt on the ground
in windrows; it is easily shov-
elled up into dumping carts.”

INDUSTRIAL GOLD—“At Coon
Hollow in California, and a few
other such privileged places,
mountains have been leveled
with the plain by this process: it
consists in conducting the water
to the top of a hill composed of
auriferous soil; the water is let

tists argue with scientists, not

that scientists argue with editorial writ-
ers, literary critics and copy-writers for
book-jacket blurbs.”
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THE BATTLESHIP ERA—“The recent
launch of the battleship ‘Dreadnought’
at Portsmouth, England, was an event of
more than common significance; for the
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GREAT ZIMBABWE—“Some puzzling ru-
ins have lately been discovered in Rho-
desia. The so-called ‘temple” at Zimba-
bwe (which translates as ‘houses of
stone’) is perhaps the best example of the
architecture employed. The objects
found in these ruins embrace a large va-
riety, including iron and brass cannon,
silver utensils, crockery, beads, glass,

down through a strong hose of
canvas, leather, or caoutchouc; a torrent
is shot with the force of gunpowder by
the pressure of six or seven atmospheres.
The water is directed by one man, and
this fluid catapult demolishes and crum-
bles to pieces avalanches of soil from the
hill side. This deluge of mud finds its way
through a large sluice, where the gold is
found arrested in its course by riffles.”
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STEM CELLS

Down in Flames

CAN STEM CELL RESEARCH RECOVER FROM W00 SUK HWANG? BY SARA BEARDSLEY

DISGRACED: Subway passengers
in Seoul watch Woo Suk Hwang
defend himself on December 16,
2005. (The words on the monitor
read, “The sex of the stem cells
matched perfectly.”) Aninquiry

later found his data were falsified.
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cells, where Woo Suk Hwang of Seoul

National University once took the field
by storm, scientists who had faltered behind
him are just now realizing why: his data
were faked. Hwang’s acknowledgment of
fabrication and under-the-table dealings
late last year eliminated from the record one
of the field’s most promising therapeutic ad-
vances—patient-specific stem cell lines—
and left many wondering how powerfully
this crisis, one that ethics expert Jonathan
Moreno of the University of Virginia calls
“the greatest conduct disaster in microbiol-

I n the fledgling world of embryonic stem

ogy,” may swing the debate over embryonic
stem cells (ESCs).

Starting in 2004, Hwang and his col-
leagues reported stunning advances in so-
matic cell nuclear transfer (otherwise known
as therapeutic cloning), in which the nuclei
of adult cells were put into embryos to create
stem cell colonies specific to patients. Fol-
lowing last year’s revelations that only one
of those successes actually occurred—the
cloning of a dog—the stem cell community
has been struggling to gauge the impact.

At worst, says Alan Colman of ES Cell
International in Singapore, “it may cause a
tainting of the whole field” if the public con-
fuses the tiny corner of research spearhead-
ed by the Koreans with mainstream work on
embryonic stem cells harvested from prees-
tablished lines. That work, the only kind
funded by the U.S. government, is not as sci-
entifically or ethically precarious because it
does not demand new human eggs. ESC re-
search opponent Andrew Fergusson, presi-
dent of the Center for Bioethics and Human
Dignity, corroborates that outcome, pre-
dicting that this debacle will “make the av-
erage American less likely to support stem
cell research” when financial investments,
ethical tightrope walking and lack of scien-
tific proof are taken into account. Such a
reversal would be disastrous for U.S. re-
searchers, who rely on the public’s enthusi-
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STEM CELLS, ETHICS
AND MONEY

The stem cell scandal has also put
alenson therole played by the
University of Pittsburgh’s Gerald
Schatten, Woo Suk Hwang's U.S.
collaboratoron the experiments
published in Science in 2005.
Schatten was the first to hint
publicly at wrongdoing by asking
that Science remove his name
from that paper, arequestthat
struckresearchers as odd, similar
to “saying you're not the father of
yourkids,” says Douglas Melton of
the Harvard Stem Cell Institute.

Schatten may not have been
deeplyinvolvedin Hwang's work
butinstead might have had a
financial reason to be a senior
author. In April 2003 Schatten
filed fora U.S. patenton
transgenic cloning methods that
were, according to the language of
the patent application, “directed
to methods of using transgenic
embryonic cells to treat human
diseases.” He was thus bound to
benefit from Hwang’s stem cell
publications, states Merrill
Goozner of the Center for Science
inthe Public Interest. Thatis
because those studies “got the
whole field moving forward, and
this [patent] was tangential to
that.” Moreover, after the scandal
broke, the Chosun Ilbo, the most
widely circulated paperin Korea,
ranreports that Schatten had
demanded a 50 percent stake in
the international patent filed
separately by Hwang—a demand
that Hwangrefused—a few
months before.

In December 2005 the University
of Pittsburgh launched an
investigationinto Schatten’s role
in the affair, including his
commercial interests that had
notbeen disclosedin the
published paper. Schatten could
notbe reached forcomment
forthis article.
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asm—translated into private donations and
state-sponsored legislation—rather than
federal dollars for support.

But at best the scandal has only “set
back the clock” on therapeutic cloning, so
that “the field is wide open,” says Evan Sny-
der of the Burnham Institute in La Jolla, Ca-
lif., who will continue to pursue research
similar to that of the Koreans. Tailored stem
cell colonies are considered a crucial way
“to study pathology in a petri dish, so you
can make all kind of advances that are hard
to predict otherwise,” explains Douglas
Melton, co-director of the Harvard Stem
Cell Institute; he says that the obstacles to
succeeding where Hwang failed are princi-
pally technical, not biological, and that the
money being poured into the work is still
money well spent.

Whether funding sources will agree re-
mains to be seen. Moreno points out that
“the effect won’t be as great as might have
been the case a year ago,” because four
states— California, Connecticut, Illinois and
New Jersey—have already made a financial
commitment to embryonic stem cell work.
(Still, New Jersey recently tabled its 2005
stem cell measure.) As for institutional back-
ing, opines bioethicist Arthur Caplan of the
University of Pennsylvania, “patient advo-
cacy isn’t budging”—certainly a positive
note for the embattled science.

Beyond the future of research, the bigger
issue may be how the scientific community
will address the apparent lack of safeguards
against misconduct. Defenders note that
Hwang’s faulty science would have been
caught eventually, when the experiments de-
fied replication by other, independent par-
ties. And in terms of ethical responsibility,
they point to the National Academy of Sci-
ences’s guidelines, published voluntarily
seven months before Hwang’s fraud, and to
the fact that it was caught by other scientists,
as evidence of the community’s self-correct-
ing nature.

Yet the peer-review process—required
to publish papers in scientific journals—is
not designed to expose outright wrongdo-
ing, even the staunchest advocates have to
admit. They agree that had whistle-blowers
not come forward, Hwang’s falsified data
and unethical means of egg procurement
might have gone unnoticed. And this reve-
lation, in turn, has recast the spotlight on

missing legislation at home and abroad.

“It’s become the Wild West out there,
with each state doing what it pleases,” says
Steven Teitelbaum of Washington University
in St. Louis, who has lobbied for changes in
the Bush administration policy. “We have
nothing that assures the research will be
done ethically—laws should be passed on
this.” Others, including Caplan, believe that
international treaties will be necessary to
head off concerns over egg sales. One danger
is that without oversight, nations may pull
away from the international stem cell ex-
change and cooperative research altogether.
“If there are differences in standards, coun-
tries could turn isolationist,” Colman says.

That slowdown is certain to occur in at
least one arena. After seeing how Gerald
Schatten of the University of Pittsburgh, a
senior co-author who purportedly played a
minor role in Hwang’s experiments, was
carried along in the downward spiral,
Moreno says, “people will think twice about
collaborating.” Potential co-authors of the
future may painstakingly assess a project
before consenting to give their names—and
journals may be pressed to monitor more
carefully the contributions of all involved.
As for scientific relations with South Korea
specifically, Snyder reports that “some of
our philanthropic support sent a message:
essentially, ‘Don’t work with the Koreans.’
They have no problems with the field, but
the Koreans are radioactive now.”

Changes there may have to start from the
ground up, where the culture is “saturated
with distorted patriotism and ultra-nation-
alism,” wrote one Seoul National University
professor in a Korea Herald editorial. Some
even predict a pendulum shift in the way sci-
ence is conducted. “We’ll see very strict reg-
ulation set up in Korea,” Caplan speculates.
“They’ll overemphasize high standards.”

For all the questions raised by the of-
fenses, many in the business hope that the
public can simply home in on the true of-
fender: Hwang himself. Scientists doubt
that the man’s reputation will ever recover,
because “he had every opportunity to come
clean, but he went on blaming other peo-
ple,” Colman points out. Ultimately, More-
no asserts, “this is not about profound ques-
tions or about ethical line crossing for re-
search. It’s about something we can all agree
on: we shouldn’t lie.”
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FEAR OF
THE NEW

OUTBREAKS

Going to Bat

NATURAL RESERVOIR FOR EMERGING VIRUSES MAY BE BATS BY CHARLES Q. CHOI

ats are creatures of the night thatare
commonly held in fear. At first glance,
those fears might seem to have some
medical justification. Long known as vec-
tors for rabies, bats may be the origin of
some of the most deadly emerging viruses,
including SARS, Ebola, Nipah, Hendra and
Marburg. Instead of demonizing bats, how-
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GOOD WAYTO GETSICK? Live fruitbats hangina
Sumatran food stall. Having the bats in such close
proximity to people and live animals for sale in the
market could be the reason new viruses have

emerged toinfect humans.

Ebola, SARS and otherviruses
recently linked to bats “are scary
diseases,” states seniorresearch
scientist Jon Epstein of the
Consortium for Conservation
Medicine. But he remarks that “far
more people die of malaria,
cholera andinfluenza. We need to
maintain a sense of perspective
withregards to the global burden
of infectious diseases.” Most
emerging diseases transmitted
from animals to humans actually
come from domesticated animals
and carnivores, whereas bats
currently accountforonly 5
percentof suchinfections,
explains the consortium’s
executive director Peter Daszak.
“With bats makingup around a
fifth of allmammal species, this
means they arein fact
underrepresented as carriers of
emerging diseases,” he says.
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ever, research shows the real culprit behind
these outbreaks could be human error.

The Nipah and Hendra viruses were the
first emerging diseases linked to bats. Hen-
dra claimed two of its three victims in its
first and so far only known appearance in
Australia. Meanwhile Nipah has in repeated
Southeast Asian outbreaks killed nearly 200
people, and blood tests of wildlife have sug-
gested that the viruses came from the largest
bats, flying foxes.

The connection to SARS, or severe acute
respiratory syndrome, was less direct. Dur-
ing the outbreak that began in China in
2002, investigators found that civets and
two unrelated species harbored the SARS
coronavirus, prompting mass culling of the
mongooselike civets by the Chinese govern-
ment. Subsequent research, however, found
no widespread SARS infection among wild

or farmed civets, indicating that the disease
arose in another species and might remain
in wait there.

From research with Nipah and Hendra,
virologist Linfa Wang of the Australian An-
imal Health Laboratory knew bats could
get chronic infections from the viruses while
not getting sick, making them ideal carriers
for disease. Bats, civets and a menagerie of
other animals were often found caged near
one another in live-animal markets in Asia.
So Wang hypothesized that bats might har-
bor SARS as well.

Wang and his colleagues analyzed blood,
throat and fecal swabs from 408 wild bats
from China. Genetic analysis revealed five
bats, which represented three of nine spe-
cies of horseshoe bats tested, possessed vi-
ruses closely related to SARS. They reported
last September that the genetic variation
within those coronaviruses was far greater
than that seen in human or civet SARS.
Therefore, bats, probably having lived lon-
ger with the diseases, may be the origin of
the coronaviruses seen in other species.

Then, in December, researchers con-
nected fruit bats to Ebola, whose origin in
the wild had remained unknown since its
first recorded appearance 30 years ago.
During the Ebola outbreaks in humans, go-
rillas and chimpanzees between 2001 and
2003 in Gabon and the Republic of the Con-
go, a team led by virologist Eric M. Leroy of
the International Center of Medical Re-
search in Franceville, Gabon, tested some
1,000 animals. Of 679 bats studied, 16 had
antibodies against Ebola, and 13 others
possessed Ebola gene sequences in their liv-
er and spleen. The sequences demonstrated
genetic diversity, “indicating that Ebola
probably has spent a long time within bats,
suggesting that bats might be the origin,”
Leroy says. Virologist W. Ian Lipkin of Co-
lumbia University notes that scientists sus-
pect that the Marburg virus, a relative of
Ebola, also originated in bats.

Leroy vigorously argues that bats should
not be culled. Wang agrees, observing that
bats play critical ecological roles, such as
eating insects and other pests. Besides,
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Wang points out, culling is simply not prac-
tical when it comes to bats, which can just
fly away. Satellite collars on fruit bats carry-
ing Nipah showed they could fly between
Thailand, Sumatra and Malaysia, and the
horseshoe bats linked with SARS range
across Asia, Europe and Australia.
Preventing future emergences may in-
stead focus on human behavior. Just as
SARS is potentially linked to animal mar-
kets, so was Nipah linked to pigpens en-
croaching on bat habitats. And people living
in Ebola-endemic areas eat the bats harbor-
ing the virus. Knowledge that bats can carry

dangerous viruses could work to prevent
epidemics, notes Peter Daszak, executive
director of the New York City—based Con-
sortium for Conservation Medicine, which
studies the connection between emerging
diseases and human interactions with the
environment. Keeping bats from the wild-
life trade might have dramatically cut the
risk of SARS emerging, perhaps saving $50
billion worldwide in loss to travel, trade and
health care costs “and hundreds of lives,”
Daszak says.

Charles Q. Choi is a frequent contributor.

NEED TO KNOW:

Experiments with atomic ions
involve custom-built, bulky
electromagnetic traps to confine
theionsin avacuum. Though fine
for experiments with a small
number of ions, they are utterly
impractical for the large-scale
systemthata quantum computer
would need to be of any significant
use. Now University of Michigan
atAnnArborresearchers
Christopher Monroe, Daniel Stick
and their co-workers have
demonstrated a 100-micron-size
ion trap on a semiconductor chip.
They used their chip to trap a
single cadmium ion and move it to
differentlocationsin the trap by
applyingelectrical signals to
electrodes. The trap was built
using standard lithography
techniques, so, Monroe says, it
could be scaled up toinclude
hundreds of thousands

of electrodes using

existing technology.
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PHYSICS

lon Power

ATOMIC IONS PROVE THEIR QUANTUM VERSATILITY BY GRAHAM P. COLLINS

n their quest to build a computer that

would take advantage of the weirdness of

quantum mechanics, physicists are pur-
suing a number of disparate technologies,
including superconducting devices, photon-
based systems, quantum dots, spintronics
and nuclear magnetic resonance of mole-
cules. In recent months, however, teams
working with trapped atomic ions have
demonstrated several landmark feats that
the other approaches will be hard-pressed
to match.

A quantum computer operates on quan-
tum bits, or qubits, instead of ordinary bits.
A qubit can be not just 0 or 1 but also a su-
perposition of the two, in which propor-
tions of zero-ness and one-ness are com-
bined in a single state.

An important class of multiqubit super-
positions are entangled states. In these con-
figurations, the state of each qubit is linked
in a subtle way to the state of its compan-

ions, a linkage that Albert Einstein dispar-
aged as “spooky action at a distance.” For
example, in a so-called Schrodinger cat
state, all the qubits will give the same re-
sult—0 or 1—on being measured, even
though the choice between 0 and 1 is totally
random. (The name comes from the famous
thought experiment in which 0 and 1 cor-
respond to the cat being dead or alive and
the individual “qubits” are all the particles
in the cat’s body.)

Cat states are a fundamental building
block of techniques for correcting errors in
qubits. Such errors inevitably plague all the
standard approaches to quantum computa-
tion, because states of qubits are exceed-
ingly fragile.

Researchers at the National Institute of
Standards and Technology in Boulder,
Colo., led by David J. Wineland and Die-
trich Leibfried, have now created cat states
involving four, five and six beryllium ions.

o

ENTANGLED: Eight calcium ions held togetherin a trap are in a special quantum condition known as
aWentangled state, in which their properties are subtly correlated. Such states are of use for
error-correction schemes in quantum computers. Entangled states become harder to create and

maintain as the number of particles increases.
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An electromagnetic trap holds the ions in a
row in a vacuum, and lasers manipulate
their states. The team estimates that their
six-ion cat states last for approximately 150
microseconds.

In Austria, Rainer Blatt and Hartmut
Haeffner of the University of Innsbruck and
their colleagues relied on a similar technique
to produce an entangled state of eight calci-
um ions. In this experiment a “W state”

database, the four entries being represented
by two qubits. The researchers say that their
system can be scaled up to larger numbers
of qubits.

With results coming so thick and fast, it
is no wonder that, as Monroe says, “many
feel that ion traps are well ahead of other
technology in the quest to build a large-scale
quantum computer.”

was created, not a cat state. A W state
is in many ways more robust than a cat
state. For example, an ion can be lost
from a W state and the remaining ions

will still be in a W state. Losing an ion
from a cat state spoils the entire state.

An important feature of both ex-
periments is that in principle the tech-
niques can incorporate larger numbers
of ions. An impediment to scaling up
these approaches, however, was that
the quality of the entangled state de-
creased as the number of ions in-
creased. To reduce this error, the sci-
entists might adjust the details of the
laser pulses, use different states of the
ions to represent 0 and 1, or work with
a different ion species altogether.

For a quantum computer to be of
use, one must not only create special
qubit states but also manipulate them
in ways that preserve their quantum
characteristics. That is, one must run
quantum algorithms on the computer.
A group at the University of Michigan
at Ann Arbor led by Christopher Mon-
roe and Kathy-Anne Brickman has now
demonstrated an algorithm known as
Grover’s quantum search on a system
of two trapped cadmium ions.

The search algorithm rummages
through a database with entries in ran-
dom order. Searching for a particular
item would usually demand the exam-
ination of every entry. The quantum
search algorithm is magically faster
because the quantum computer can
poll all the database entries at once in
a superposition. The speedup becomes
more dramatic for larger databases.
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SYSTEMS
CHECK

Debugging is notoriously difficult,
and researchers are devising new
ways to testthe complex code
used by the military. One such
method comes from Ted L. Bennett
and Paul W. Wennberg of Triakis
Corporation in Redmond, Wash.,
which makes simulators and
provides software validation
services. Writing in the Journal of
Defense Software Engineering
last year, they described a
research project sponsored by
NASAin which they showed how
simulations designed to verify
system designs can also be used
to probe software for faults. Their
method allows users to check
software for code thatis not being
utilized. “It either shouldn’t

be there,” Bennett says,
“oritshould be tested.”

Meanwhile a multiyearresearch
project atthe Carnegie Mellon
Software Engineering Institute
focuses on “function
extraction”—a means of
describing software functionality
to determine exactly whatit
should do and away to counteract
“back doors” or other undesirable
software modifications.
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Software Insecurity

OUTSOURCING AND DEFENSE FEAR OF “FOREIGN INFLUENCE” BY DANIEL G. DUPONT

n February 2005 a group of Pentagon in-

dustry advisers warned that the “migra-

tion of critical microelectronics manu-
facturing” from the U.S. to other countries
compromised national security. To ensure a
steady supply of safe microchips, the Defense
Science Board—which advises senior defense
officials—recommended establishing “trust-
ed foundries” to make critical hardware. But
that s only part of the picture. According to
the science board, any effort to improve the
safety and supply of microchips would be
of “limited utility” without a comparable fo-
cus on software—especially on what the Pen-
tagon calls “foreign-influenced software.”

The Department of Defense once created
its own software, but today only the most
highly classified code is written in-house, at
places such as the secretive National Security
Agency. But a good deal of code for some of
the military’s most sophisticated weapons—
fighter aircraft and missile defense systems,
for example—is written in other countries.

In 2004 the Government Accountability
Office (GAO) found that the military “is ex-
periencing significant and increasing reli-
ance on software and information systems
for its weapon capabilities, while at the
same time traditional DOD prime contrac-
tors are subcontracting more of their soft-
ware development to lower-tier and some-
times nontraditional defense suppliers.”
Those suppliers, the GAO added, use “off-
shore locations and foreign companies” for
some software development.

Software developed overseas can be ma-
nipulated in several ways, says Nancy Mead,
a senior member of the technical staff at the
Carnegie Mellon Software Engineering Insti-
tute. The code itself can be tampered with
and set up to do subsequent damage; it can
also be laced with surreptitious “back doors™
designed to allow access to a system at a later
date. And the possibility exists that software
could be copied and sold to adversaries.

“You don’t have day-to-day control over
what’s going on” at some overseas facilities,
Mead notes. U.S. companies that look to for-
eign suppliers must keep an eye on the soft-
ware-development process as much as pos-

JOINTSTRIKE FIGHTER, aninternational project,
contains software code written outside the U.S.

sible, she says, because the development
phase is the point at which errors or inten-
tional flaws can most easily be prevented.
Complex software contains millions of lines
of code, and “it becomes more difficult” to
spot such flaws later on, Mead explains: “At
that point you’re just looking for a needle in
a haystack.”

According to a former Pentagon official
who requested anonymity, software written
abroad has become the subject of high-level
discussions and secret threat assessments
within the DOD. The department went back
to its science board last October for a look
at both why the military has become so de-
pendent on software of “foreign provenance”
and what is currently being done to test it.
The board will probably finish its analysis
sometime this year.

Leading the science board study is Rob-
ert Lucky, an esteemed engineer, author and
research consultant. Lucky says he was con-
cerned the military might deem too many
systems as “mission-critical,” meaning that
they must have the highest levels of software
security. Such classification would make the
task of ensuring security that much harder—
and more expensive. Lucky and his panel
will have to address that question of resourc-
es: the Pentagon has asked them to evaluate
the investments the DOD could make to in-
crease confidence in military software. Like
many choices in life, “it all comes down to
money,” Lucky remarks. “How much secu-
rity can you get for how much money?”

Daniel G. Dupont edits InsideDefense.
com, an online news service.
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LUNAR SCIENCE

Crater Jumper

HOPPING PROBE MAY HUNT FOR ICE ON THE MOON BY MARK ALPERT

ration may rest on a patch of lunar ice.
For the past two years NASA has focused
on designing a new crew vehicle and launch
system that could return astronauts to the
moon by 2018. The agency’s ultimate goal is
to establish a permanent lunar base and use
the program’s technology to prepare a hu-
man mission to Mars. But the grand plan
hinges on a risky prediction: that NASA will
find water ice in a permanently shadowed
crater basin at one of the moon’s poles.
Plentiful ice deposits would be a boon for
lunar colonists, who could use the water for
life support or convert it to hydrogen and
oxygen rocket fuel. And two orbiters sent to
the moon in the 1990s, Clementine and Lu-
nar Prospector, found evidence of ice in per-
petually shadowed polar areas where consis-
tently frigid temperatures would preserve the
water carried to the moon by comet and me-

T he entire future of human space explo-

teorite impacts. But some scientists have dis-
puted Clementine’s radar data, and the anom-
alous neutron emissions observed by Lunar
Prospector could have been caused by atom-
ic hydrogen in the lunar soil instead of ice.
In an attempt to settle the question, NASA
plans to launch the Lunar Reconnaissance
Orbiter (LRO) in 2008. Traveling in a polar
orbit only 50 kilometers above the moon’s
surface, the one-ton, $400-million probe
will train a high-resolution neutron sensor
on the suspected ice deposits to determine
their locations more precisely. The LRO will
also carry a radiometer to measure surface
temperatures, an ultraviolet detector to peer
into the shadowed crater basins, and a laser
altimeter and camera to map the polar re-
gions and to scout possible landing sites.
But because the ice is probably buried and
mixed with the lunar dirt, NASA will need to
land a probe that could dig up and analyze

FAST, QUICK
EASY, SECURE!

To renew your subscription
to Scientific American:

www.SciAm.com/renew/
To give a gift subscription:
www.SciAm.com/gift/

To subscribe to
Scientific American Mind:

www.SciAmMind.com

To subscribe to
Scientific American Digital:

www:SciAmDigital.com

Faor any additional information please e-mail customer services at:
Sac s seigm.com

www.sciam.com

The

Toughest
Glue On _—/——
Planet

Earth.

SCIENTIFIC AMERICAN 27

COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.


http://www.sciam.com/index.cfm?ref=digitalpdf

THAT HOPPED

NASA has already performed a
successful hopping maneuveron
the moon. On November 10, 1967,

the unmanned Surveyor 6
spacecraftlandedin the Sinus
Medii (“Bay of the Center”) region
to take television pictures of the
surface and study the lunar soil. A
week later mission controllers
fired the craft’s low-thrustvernier
rockets for 2.5 seconds to
practice a powered takeoff from
the moon. Rising about four
meters above the lunar surface,
the probe hopped to a new landing
spot2.4 meters away,

touched down onits legs and
continued operating.

intoablack hole
produces beams of light. In the black
hole system GRO J1655-40, matter
followed the same path asit did
nine years previously.
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scheduled forlaunchin 2008,
will scout landing sites at the moon’s poles.

soil samples. This mission, scheduled for
2011, is a challenging one given that instru-
ments operating in shadowed areas cannot
use solar power. The craft could land ata sun-
lit site and send a battery-powered rover into
a dark crater, but the batteries would quickly
die. A radioisotope thermal generator could
provide electricity using heat from plutonium
decay, but NASA is leaning against this option
because it is expensive and controversial.
Another idea under consideration is send-
ing a probe that could hop from place to
place on the lunar surface by restarting its

ASTROPHYSICS

landing rockets, which could lift the craft up
to 100 meters above its original landing site
and move it to another spot in the crater ba-
sin to hunt for ice. Investigating more than
one site is crucial because the ice may be un-
evenly distributed. Yet another alternative
would be to fire ground-penetrating instru-
ments at several places in the shadowed ba-
sin, either from a lander at the crater’s rim or
from an orbiting craft.

The major pitfall of NASA’s strategy is the
possibility that its probes will find no ice or
discover that the ice is too sparse to be a use-
ful resource. “I’m a little worried that they’re
counting too much on finding water in a us-
able form,” says Wesley T. Huntress, Jr., a
former NASA science chief who now leads the
Carnegie Institution’s Geophysical Labora-
tory. If extracting ice from the moon proves
infeasible, the space agency may have to
choose new landing sites and exploration
goals for the human missions. But NASA be-
lieves the robotic craft will be worthwhile
even if they do not find ice. Says Mark
Borkowski, head of the Robotic Lunar Ex-
ploration Program: “We can’t help but get
science from these measurements.”

In the Groove

MEASURING ABLACK HOLE’S SPIN BY A CREASE IN SPACETIME BY JR MINKEL

he fortuitous flare-up of a black hole

last active in the mid-1990s solidifies

an assumption sometimes used to esti-
mate a black hole’s spin, one of its two most
important properties. (The other is mass.)
As matter whips around a black hole, it radi-
ates light perpendicular to its orbital radius,
like a lighthouse. The mass and spin of the
black hole can furrow a groove in spacetime
that makes this orbit wobble in various
ways, creating additional fluctuations in its
radiation.

In 1996 a black hole system called GRO
J1655-40 broadcast a pattern of x-ray oscil-
lations suggestive of such a groove, then
clammed up a few months later. In 2005 gas
from a companion star got caught in the

black hole’s drain again, allowing research-
ers to observe the reenergized system over
eight months. Sure enough, they discovered
the identical pattern. “Detecting the same
frequencies nine years later means what we
are looking at here is really a fundamental
property,” not some gaseous mirage, says
Jeroen Homan of the Massachusetts Insti-
tute of Technology. His team reported the
results on January 9 at the annual meeting
of the American Astronomical Society.

The group will now try to determine if
factoring in these fundamental frequencies
can give them better measurements of the
black hole’s spin.

JR Minkel is a frequent contributor.
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BIOLOGY

Where the Bacteria Roam

Despite bacteria’s ubiquity, their diversity
in the world’s soils is poorly understood. To
get a handle on what makes the organisms
thrive, Duke University researchers trekked
far and wide to collect a few centimeters of
dirt from 98 locations across North and
South America, then analyzed each sample
for genetic variation. To their surprise, the
strongest predictor of high diversity was
neutral pH. The acidic soil of the Peruvian
Amazon, for example, harbored one half to

one third as many species as did the neutral
dirt of the arid American Southwest. “There
are a lot of variables that didn’t turn out to
be very important,” says co-author Robert
Jackson, who adds that a more exhaustive
search of different habitats might turn up
other stimulators of diversity, such as car-
bon abundance. The report was published
online January 9 by the Proceedings of the
National Academy of Sciences USA.

—JR Minkel

WHALES
Sense and Sensitivity

The narwhal sports an eight-foot-long spiraled tooth that makes it resemble a unicorn of
the sea. Some thought that the whale, typically 13 to 15 feet long, used it to break arctic
ice; others theorized that it served as a lance in male jousts. The tooth, in fact, may be a
giant sensor for navigating and hunting. Through electron microscopy of two male tusks,
researchers from Harvard University, the
Smithsonian Institution, and the Nation-
al Institute of Standards and Technology
discovered that a single horn possesses
some 10 million nerves running from its
surface to its core. Instead of inflicting the
narwhals with a massive ice cream head-
ache, this sensitive tooth appears capable
of detecting changes in water tempera-
ture, pressure and particle gradients
linked with salinity and prey. Their find-
ings surfaced last December at the 16th
Biennial Conference on the Biology of
Marine Mammals in San Diego.
—Charles Q. Choi

NOTFOR JABBING: The narwhal’s horn seems to be
asophisticated sensor.

Nanoparticles Can’t Hide

Detecting a virus or any nanosize particle usually means fixing it to a substrate or attach-
ing a fluorescent probe to it. Neither method is practical for detecting particles in real time.
Now University of Rochester physicists have assembled a simple system for doing just that.
They split a laser beam in two, sending one half to a sample. When the light hit a small
particle, it scattered back and recombined with the reserved half of the laser beam, produc-
ing a detectable interference pattern only when a moving particle was present. The method
works where others do not, the researchers say, because it relies on the light’s amplitude
rather than intensity. The amplitude is the square root of intensity, so it decays much less
than intensity as particles get smaller. The investigators have so far detected single particles
as small as seven nanometers across. Peruse their findings in the January 13 Physical Re-
view Letters. —JR Minkel
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POINTS

= Buddy system: Adwarf galaxy
containing hundreds of
thousands of stars seems to be
merging with the Milky Way. The
new companion galaxy lies
30,000 light-years from Earth,
toward the constellation Virgo.

Sloan Digital Sky Survey
announcement, January 9

Patterns of frog extinctions and
lethal fungus outbreaks appear
to be synchronized. To some
scientists, the connection
implicates global warming, which
stimulates the fungal growth.

Nature, January 12

Just hand me the leash and go
away: nursing home residents
feltmuchless lonely when they
spenttime with adog, rather
thanwith adog and other people.

Anthrozoos, March

Seeing a person who behaved
unfairly get an electric shock
triggered the empathy areasin
women’s brains, butin men the
reward centers were activated
instead. Men may find pleasure
in retribution, although both
sexes reported disliking the
unfair person.

Nature online, January 18
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DATA POINTS:
PLANETARY
STRESS

Forits State of the World 2006
report, the Worldwatch Institute
focuses on China and India. The
U.S. still consumes the most
resources per capita, butif China
and India were to catch up, then
the resources from a second
planet Earth would be needed to
sustain the two economies.

Gross domestic product
perpersonin:

China: $4,600

India: $2,500

Europe: $26,900

Japan: $29,400

u.s.: $40,100

Barrels of oil used

per person every yearin:
China: 1.9

India: 0.9

U.Ss.:25.3

Kilograms of grain consumed
per personin2005in:

China: 292

India: 173

Europe: 561

Japan: 354

u.s.:918

Ecological footprint*
perpersoninhectaresin:
China: 1.6

India: 0.8

Europe: 4.7

Japan: 4.8

u.s.:9.7

*€cological footprint refers to
areas with significant

photosynthetic activity or
biomass accumulation.

SOURCE: State of the World 2006
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Testing Lethality

Plates of sugar could indicate the deadliness of a flu strain. The influenza virus infects the
body using hemagglutinin, a viral protein that latches onto sugars containing sialic acids on
human cell surfaces. Scripps Research Institute investigators and their colleagues developed
arrays containing 200 different carbohydrates and sugary proteins, representing the major
types of molecules to which hemagglutinin might attach. They tested eight different flu
strains, including the deadly 1918 influenza, and discovered that alterations at as few as two
positions on the hemagglutinin protein can transform a bird strain into one that can infect
humans. The scientists, who report the work in the February 3 Journal of Molecular Biol-
0gYy, say that the arrays could explain why the 1918 flu, which strongly resembles avian vi-
ruses, was so devastating. They could also lead to monitors that quickly determine how close
another bird strain is to mutating into a pandemic form. — Charles Q. Choi

Reefer Sanity

Faced with declines in coral reefs from pol-
lution, overuse and climate change, reef
managers have begun implementing “ma-
rine protected areas”—no-fishing zones.
One of the first studies of the ecological ef-
fect of such zones shows how they might
help. A group led by researchers at the Uni-
versity of Exeter in England studied a sea
park in the Bahamas that has not been fished
since 1986. An open question was whether
the resurgence of predatory grouper fish
would kill off helpful parrotfish, which foster reef growth by grazing seaweed. The team
found that net grazing actually doubled, coinciding with a fourfold reduction in seaweed
proliferation in the protected area compared with fishable areas. The reason: larger par-
rotfish became more plentiful after fishing ceased. The grouper have trouble feeding on the
bigger fish, which in turn graze seaweed more extensively than smaller ones. Dive into the
January 6 Science for more. —JR Minkel

PARROTFISH enable coral to thrive by feeding
on seaweed, which inhibits coral growth.

PERCEPTION

What You See Is What You Say

Psychologists argue over whether lan-
guage influences how people think. It could,
however, affect half of what they see. The
view from the right eye is processed in the
brain’s left hemisphere, which also seems to
handle language. Investigators at the Uni-
versity of Chicago and the University of
California, Berkeley, tested how well the
right and left fields of view distinguish be-
tween the colors known in English as blue
and green. Most of the world’s languages
actually use a single word for the two, sug-
gesting that for English speakers, language

influences the discrimination between blue
and green. The researchers found native
English speakers were faster at distinguish-
ing bluish squares from greener ones if the
differently colored square appeared within
the right visual field. This effect vanished if
the volunteers had to rehearse simultane-
ously an eight-digit number, which distract-
ed their verbal working memory. Look for
the findings in the January 10 issue of the
Proceedings of the National Academy
of Sciences USA.

—Charles Q. Choi
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The Honeymoon Is Over

AFTER THE VOWS, MARITAL HAPPINESS MAY BE ALL DOWNHILL BY RODGER DOYLE

ociologists have long firmly held that
marital bliss is high in the very early
years of marriage, declines with the
coming of children and rises in later years
when children have left home. Happiness
thus follows a U-shaped trajectory over the
life of a marriage, as shown in the chart.
This belief derives largely from studies
that employ a technique—the cross-section-
al survey—unsuited to constantly changing

U-Shaped Curve

28—

Marital Happiness Score
1

Revised Projection A

0 10 20 30 40 50
Years of Marriage

phenomena such as marriage because it
measures attitudes at only one point in time.
A better method is the longitudinal study,
which measures attitudes at several points
in the life course. Two newer studies em-
ploying the more powerful technique now
challenge the traditional U-shaped curve of
marital happiness.

In the first, a group headed by sociolo-
gist Jody VanLaningham, formerly of the
University of Nebraska—Lincoln, measured
marital happiness using 11 questions, such
as “How happy are you with the amount of
love and affection you receive?” and “How
happy are you with your sexual relation-
ship?” Based on the responses, the research-
ers created a marital happiness score and
calculated a new curve, shown as “Revised
Projection A” on the chart. It suggests that
happiness declines more or less continuous-
ly throughout the lifetimes of married cou-
ples. The respondents were interviewed in
five waves: during 1980, 1983, 1988, 1992
and 1997. Because 1980 and 1983 were

atypical—the divorce rates ran extraordi-
narily high—the team calculated a second
life-course curve based only on the last
three waves. This curve—“Revised Projec-
tion B”—suggests a leveling off of marital
happiness in later years but provides no sup-
port for the U-curve theory.

Another longitudinal study, this one by
sociologist Debra Umberson of the Univer-
sity of Texas at Austin and her colleagues,
confirms the VanLaningham group’s find-
ing that marital quality declines over time.
In addition, this study measured the inde-
pendent effect of age—as opposed to dura-
tion of marriage—and discovered that the
older the spouses, the more likely they are
to have a good marriage, perhaps because
they are less emotionally reactive in marital
conflicts than younger people or because
they better appreciate their partner’s posi-
tive traits. Umberson’s team found that al-
though parenthood may have a negative ef-
fect early in marriage, it exerted a positive
influence in later years after children have
left. Childless couples tend to have lower-
quality marriages in old age than couples
who have children.

Marriage continues to be the choice of
an overwhelming majority—94 percent of
living Americans have tried it at least once
by age 65. Aside from the immediate eco-
nomic and sexual benefits, marriage confers
long-term health advantages, including
emotional support and a sense of belonging,
which buffer against depression. Indeed,
economists David G. Blanchflower of Dart-
mouth College and Andrew J. Oswald of
the University of Warwick in England have
calculated the monetary equivalent of mar-
riage’s effect on mental well-being. They
find that being married is the equivalent of
making an extra $100,000 a year. The ben-
efitis greater for men than women, perhaps
because they have weaker social support
networks before marriage.

Rodger Doyle can be reached at
rodgerpdoyle@uerizon.net
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Skeptic

BRAD HINES

Cures and Cons

Natural scams “he” doesn’t want you to know about By MICHAEL SHERMER

Up to 139 times in one week, Kevin Trudeau pitches late-
night viewers about his self-published book, Natural Cures
“They” Don’t Want You to Know About, a rambling far-
rago of uninformed opinions, conspiracy theories and cheeky
jabs at medical, pharmaceutical and governmental authori-
ties (“they”). The book is so risibly ridiculous that even the
most desperately ill would not take it seriously—would
they?

Apparently they would, to the tune of millions of copies
sold, elevating the book to the New York Times best-seller
list. If readers had purchased Trudeau’s Mega
Memory, perhaps they would have remembered
that he spent almost two years in federal prison
after pleading guilty to credit-card fraud and
that the Federal Trade Commission banned Trudeau “from
appearing in, producing, or disseminating future infomercials
that advertise any type of product, service, or program to the
public, except for truthful infomercials for informational
publications. In addition, Trudeau cannot make disease or
health benefits claims for any type of product, service, or
program in any advertising, including print, radio, Internet,
television, and direct mail solicitations, regardless of the for-
mat and duration.” Trudeau had to pay $500,000 in con-
sumer redress for his bogus infomercials and another $2 mil-
lion to settle charges against him for claiming that coral cal-
cium cures cancer (it doesn’t) and that an analgesic product
called Biotape permanently relieves pain (it doesn’t).

Amazingly, Natural Cures is exempt from this injunction.
“Books are fully protected speech. He can author a book and
voice his opinions,” says Heather Hippsley, assistant director
for the division of advertising practices at the FTC who inves-
tigated Trudeau’s infomercials. “The line is: Informational
materials, OK. Products and services, banned.”

So Trudeau is free to dole out in print such opinions as
these: “Medical science has absolutely, 100 percent, failed in
the curing and prevention of illness, sickness, and disease.”
(Smallpox is not a disease?) “Get all metal out of your dental
work.” (Won’t this help the medical cartel?) “Sun block has
been shown to cause cancer.” (References?) “Don’t drink tap

www.sciam.com

“Sun block
causes cancer.” quelintheworksabout “weight loss secrets they

water.” (Wrong: studies show it is as safe as bottled water.)
“Animals in the wild virtually never get sick.” (No need to
worry about avian influenza.) “Get 15 colonics in 30 days.”
(Can 1 bring a friend?) “Wear white.... The closer you get to
white, the more positive energy you bring into your energetic
field.” (Why is Trudeau wearing all black on the book cover?)
“Stop taking nonprescription and prescription drugs.” (Includ-
ing insulin for diabetes?) “This includes vaccines.” (Welcome
back, polio.) “Have sex.” (Without prescription Viagra?)
This 600-page medical advice book contains no index, no
bibliography and no references. In their stead
are testimonials for the audio edition and a se-

don’t want you to know about.”

As for the “natural cures” themselves, some are not cures
at all but just obvious healthy lifestyle suggestions: eat less,
exercise more, reduce stress. Some of the natural cures are
flat-out wrong, such as oral chelation for heart disease, where-
as others are laughably ludicrous, such as a magnetic mattress
pad and crocodile protein peptide for fibromyalgia. Worst of
all are the natural cures that the book directs the reader to
Trudeau’s Web page to find. When you go there, however, and
click on a disease to get the cure, you first have to become a
Web site member at $499 lifetime or $9.95 a month. It is a
classic con man’s combo: bait and switch (the book directs
them to the Web page) and double-dipping (sell them the
book, then sell them the membership).

Why don’t “they” want you to know about these natural
cures? “Money and power,” Trudeau says. “Most people have
no idea just how powerful a motivating force money and pow-
er can be.” Kevin Trudeau certainly does, and this book is a
testimony to that fact.

There is one lesson that I gleaned from this otherwise feck-
less author, well expressed in an old Japanese proverb: “Baka
ni tsukeru kusuri wa nai®—“There is no medicine that cures
stupidity.” Domo arigato, Mr. Trudeau.

Michael Shermer is publisher of Skeptic (www.skeptic.com)
and author of Why People Believe Weird Things.
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Insights

Experiments at Work

What'’s the best way to boost sales or handle competing resellers? By lab-testing business
ideas, Kay-Yut Chen gets rid of some of the guesswork By MARINA KRAKOVSKY

Outside Kay-Yut Chen’s economics laboratory at
Hewlett-Packard in Palo Alto, Calif., the November
air is unseasonably warm, even for California, and
splashes of yellow and green leaves shimmer against
the clear blue sky. But inside, in a windowless, fluo-
rescent-lit room, the 12 visitors participating in to-

I
KAY-YUT CHEN:

Helps corporate decision making at Hewlett-Packard by modeling the
economic behavior of players in games involving various payouts.
Studied physics before turning to economics. “The experimental
methods are similar. The only difference is that the ‘atoms’ | study
have minds of their own.”

On how Isaac Asimov’s Foundation novels continue to inspire:

“The protagonists were using mathematics to predict the future of
human society in the galactic empire. Thatis exactly whatl am trying

todoin myreal-life work, albeit on a much smaller scale.”
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day’s experiment sit patiently at their randomly as-
signed computers. When I point to the incongruity,
Chen doesn’t miss a beat: “That shows one thing—the
assumption that people like money is correct.”

This simple assumption goes to work for Chen
whenever the HP principal scientist runs an experi-
ment. The participants—mainly “starving students”
from nearby Stanford University—will earn $25 to
$75 or more, depending on how well they play today’s
game. The experiment simulates interactions between
sales agents and sales managers. At each period of
play, the computer tells sales agents the current market
conditions, and based on that information the agents
must decide how much effort they will put into mak-
ing the sale. Although effort incurs costs that take
away from the total payout, effort also increases the
likelihood of sales success. The agents’ total payout is
simply the sum of the fixed payment and variable pay-
ment for successful sales minus the cost of effort.
Managers, in turn, determine the fixed and variable
payments they will offer—knowing their own payout
will be total sales minus payouts to agents.

Chen explains these rules but says nothing about
strategy. He doesn’t need to: through a little comput-
er-mediated back-and-forth with their managers,
most agents wise up to the fact that this game rewards
sales but offers no incentive to tell managers anything.
Similar compensation schemes in the real world ex-
plain why salespeople tend to sandbag their forecasts,
making it hard for their companies to plan ahead.

Chen thinks he has solved the sandbagging prob-
lem: have each salesperson choose a personal balance
of fixed and variable compensation. For example, the
salesperson can choose a high commission percentage
with no fixed salary or, at the other extreme, a modest
fixed salary and no commission—or some combina-
tion in between. Each choice implicitly reveals how
much the salesperson plans to sell, much as an insur-
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ance subscriber’s choice of deductible and premium reveals
how sick she is. Based on a truth-telling mechanism from
game theory, this design works on paper. But as an experi-
mental economist, Chen will keep testing it empirically, com-
paring the emerging design with other available models, such
as the one he is testing today.

Chen has successfully used that approach to help HP man-
agers design good contracts with retailers and resellers, and he
is starting to tackle other thorny problems for his employer:
figuring out how to protect HP’s bottom line against interna-
tional currency fluctuations and discovering ways for brick-
and-mortar retailers and HP’s online store to coexist happily.

The science of experimental economics has boomed with
the rise of personal com-
puters—especially after
one of its founding fa-
thers, Vernon L. Smith of
George Mason Universi-
ty, won the Nobel Prize in economics in 2002 (sharing the
honor with Princeton University psychologist Daniel Kahne-
man). But the field has not caught on in what seems its most
logical application: making business decisions within a com-
pany. When Chen started his lab in 1994, it became the first
economics laboratory inside a corporation, and to this day no
other firm maintains a lab like his. “He’s basically ‘Mr. Ex-
perimental Economics in Business,”” says Teck H. Ho, chair of
the marketing group at the Haas School of Business at the Uni-
versity of California, Berkeley.

Some blame the absence of such labs on the shortsighted-
ness of corporate America. Charles R. Plott, the experimental
economist at the California Institute of Technology who pio-
neered the field, puts it this way: “A lot of us in academia have
done business applications, but for someone to take a new
science inside a big business that is just rife with competition
for funds—and be able to create a science facility that can
handle the basic research and the pressures of day to day—
that’s a monumental task Chen has succeeded in.”

Were it not for Plott’s influence, Chen would not have be-
come an economist at all. As a Caltech undergraduate, the
Hong Kong native majored in physics and participated in
Plott’s experiments only for the lure of the cash and the chal-
lenge of besting other players. But soon the science became the
greater draw, and Chen briefly waxes metaphysical describing
it: “Doing experiments on people is like playing a game with
a higher being. Many people think they have free will, mean-
ing you cannot predict what they will do, but the counterintu-
ition is that people in a lot of cases are predictable.” Chen also
recognized more opportunity for discoveries in this younger
field than in high-energy physics—and Plott easily talked him
into switching over.
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Kay-Yut Chen’s experiments showed that a
proposed incentive program would backfire.
So HP, his employer, scrapped the idea.

As he was finishing his Ph.D. at Caltech, HP Labs was try-
ing to invigorate its work in operations research through col-
laborations with experimental economists. Thanks to profes-
sors singing his praises, Chen, now 39, got tapped in 1994 to
start the economics lab at HP, where he has been ever since.

HP managers say the benefits of lab-testing business ideas
are immeasurable. “That way you’re not going to upset the
business or your partners or the end users with a bad pro-
gram,” explains Jukka Koskela, an HP sales operations man-
ager who asked Chen to test the idea of rewarding retailers to
be number one in sales. When Chen’s experiments showed
this incentive would push too many retailers to either of two
undesirable extremes—giving up at the outset or neglecting
other HP goals—the com-
pany scrapped the idea.
“You could waste mil-
lions of dollars imple-
menting a program that
isn’t good,” Koskela says. Chen’s tests showed that contracts
that reward retailers according to how much business they
bring in for HP produce far better results.

In general, a good contract aligns the interests of the prin-
cipal (such as HP) and the agent (such as a reseller)—but in a
business full of interdependent variables, that is much easier
said than done. Think of the tangled web of business relation-
ships: office equipment distributor IKON is an HP partner,
but it also sells similar products from other firms and com-
petes with other HP partners. In the lab, such mixed motives
tempt some players to “game the system,” such as the time a
student playing a reseller made vastly more than the average
payout by hoarding products to lock out other resellers. This
incident was an anomaly—and may be even less likely in the
real world, where long-term relationships and other variables
might prod people to honor a contract’s win-win spirit. Still,
Chen wants to assure good outcomes even if people are at
their worst, so he tweaked the contract to prevent resellers
from ordering more inventory than they can really sell.

Such tinkering is anathema to pure theorists, who see ex-
periments as a rickety crutch for those who cannot build good
formal models. Chen takes a more pragmatic view, however,
and he good-naturedly brushes off criticisms of applied ex-
perimental economics. Sure, student subjects aren’t exactly
like real businesspeople, but if they’re bright they’re close
enough—plus they’re affordable. And the experiments are a
complement to theoretical reasoning, not its substitute. As
Chen sums it up, “I would say this is two parts science, one
partart.”

Marina Krakovsky (www.marinakrakovsky.com)
is a writer in the San Francisco Bay Area.
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n science fiction, the worst threats o i i N
to space travelers are large ones.: ca- : =% i) e T X
reening asteroids, ravenous crea-

tures, imperial battle cruisers. In reality,

though, the scariest menaces for humans = O v

in space are the tiniest: fast-moving ele-

mentary pacticles known as cosmic rays.
On a long journey, they would give as-

tronauts a dose of radiati(.)n serious .
enough to cause cancer. Unlike most of —
the other challenges of Ventu-ring into A
deep space, which engineers should be /
able to solve given enough time and
money, cosmic rays pose irreducible
risks, and dealing with them involves
fundamental trade-offs. They could be

the show-stopper for visiting Mars.
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The pe/-r-'ﬂg of cosmic rays pose severe, p"er-haps insurmountable, -
hu_r.dfés to human spaceflight to Mars and beyond

ONE THIRD OF THE DNA in your body would
be slicediby cosmicrays every year you
spentininterplanetary space. Protecting
astronauts againstthe onslaught will
entail unavoidable trade-offs.




In the laboratory, cosmic rays first presented themselves as
aminor annoyance. They were discovered when physicists no-
ticed that electrically charged bodies do not stay that way;
their charge slowly leaks away through the air. Something had
to be ionizing the air, allowing it to conduct electricity. Many
researchers blamed the ambient radioactivity of the soil and
rocks underfoot. Austrian physicist Victor Hess settled the
issue in 1912, when he went aloft in a balloon and showed that
the higher he rose, the faster the charge leaked off his electro-
scope. So the cause of the ionized air was something mysteri-
ous coming in from space—thus the name “cosmic rays.”

By 1950 physicists had determined that the term is actu-
ally a misnomer. Cosmic rays are not rays but ions—mostly
protons, with a few heavier nuclei mixed in—striking the top
of the atmosphere at nearly the speed of light. Most come from
beyond the solar system,
but what catapults them
to such a speed remains a
question to this day. Ex-
perimenters, having once
regarded cosmic rays as
irksome, embraced them as an observational tool. Variations
in cosmic-ray intensity were one of the ways my colleagues and
I deduced the existence of the solar wind in the late 1950s.

Contrary to popular belief, it is not Earth’s magnetic field
that shields people on the ground from the full brunt of these
rays but rather the bulk of our atmosphere. Above every square
centimeter of surface is a kilogram of air. It takes a vertical
column of about 70 grams—about /14 the distance through the
atmosphere, achieved at an altitude of 20 to 25 kilometers
(60,000 to 80,000 feet)—before the average incoming proton
hits the nucleus of an atom in the air. The rest of the atmosphere
serves to absorb the shrapnel of this initial collision. The impact

= The galaxy is pervaded with fast-moving particles that
canrip apart DNA and other molecules. Here at the
surface of Earth, we are well protected from this cosmic
radiation by the airmass overhead. Astronauts in near-
equatorial orbits are shielded by the planet’s magnetic
field. But those who make long voyages away from
Earth will suffer serious health consequences.
Aspherical shell of water or plastic could protect space
travelers, butit would take a total mass of atleast
400 tons—beyond the capacity of heavy-lift rockets.
A superconducting magnet would repel cosmic particles
and weigh an estimated nine tons, but that is still too
much, and the magnetic field itself would pose health
risks. No other proposed scheme is even vaguely realistic.
= Biomedical researchers need to determine more
precisely how much long-term exposure to cosmic rays
aperson can tolerate and whether medicines could
stimulate the body’s natural repair mechanisms.
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In addition to causing cancer,
cosmic rays could lead to cataracts
and brain damage.

knocks a proton or neutron or two out of the nucleus and un-
leashes a shower of high-energy gamma rays and pi meson, or
pion, particles. Each gamma ray propagates deeper into the
atmosphere and ends up producing an electron and its antimat-
ter counterpart, a positron. These two particles annihilate each
other, yielding less energetic gamma rays, and so the cycle con-
tinues until the gammas become too weak to create particles.

Meanwhile the pions quickly decay into mu mesons, or
muons, which penetrate to the ground. As they pass through
our bodies, they produce ions and break chemical bonds but
not enough to do us significant harm. The annual cosmic ra-
diation dose of about 0.03 rem (depending on altitude) is
equivalent to a couple of chest x-rays.

Outside the atmosphere, the cosmic-ray bombardment is
intense. Approximately one proton or heavier nucleus would
pass through your finger-
nail every second, for a to-
tal of perhaps 5,000 ions
zipping through the body
every second, each one
leaving a trail of broken
chemical bonds and triggering the same cascade that occurs
in the atmosphere. The relatively few heavier nuclei among the
cosmic rays do as much or more damage than the protons be-
cause their ability to break bonds is proportional to the square
of their electric charge. An iron nucleus, for example, does 676
times more damage than a proton does. A week or a month of
this radiation should not have serious consequences, but a
couple of years on a jaunt to Mars is a different story. One
estimate from NASA is that about one third of the DNA in an
astronaut’s body would be cut by cosmic rays every year.

Shields Up
THE ONLY QUANTITATIVE information available on the
biological consequences of energetic radiation comes from the
unfortunate individuals who have been exposed to short but
intense bursts of gamma rays and fast particles during nucle-
ar explosions and laboratory accidents. They have suffered
cell damage and enhanced cancer rates. A Mars traveler
would get similar doses, albeit spread out over time. No one
knows whether the two situations are really equivalent, but
the comparison is worrisome. Natural biological repair mech-
anisms may or may not be able to keep up with the damage.

The implications were recently studied by Wallace Fried-
berg of the Federal Aviation Administration’s Civil Aerospace
Medical Institute in Oklahoma City and his colleagues. In a
report published last August, they estimated that Mars astro-
nauts would receive a dose of more than 80 rems a year. By
comparison, the legal dose limit for nuclear power plant work-
ers in the U.S. is five rems a year. One in 10 male astronauts
would eventually die from cancer, and one in six women (be-
cause of their greater vulnerability to breast cancer). What is
more, the heavy nuclei could cause cataracts and brain dam-
age. (To be sure, these numbers are highly uncertain.)

The constant hailstorm of cosmic rays is not the only ra-
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WHAT ARE ASTRONAUTS GETTING THEMSELVES INTO?

Itis not quite as bad as venturing inside a nuclear reactor,
buttraveling through space can still be hazardous to your
health. This graph shows one estimate of the yearly radiation
dose astronauts would receive from cosmic rays. Arem is
acommon unit of radiation exposure. Interplanetary
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astronauts would absorb more radiation in a single year
thanradiation workers are supposed to receive in a lifetime,
and alarge number would develop cancer and otherillnesses.
Solar flares and Earth’s Van Allen radiation belts can kill
outright but are easier to avoid.
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diation threat, of course. The sun, too, can unleash tremen-
dous bursts of protons and heavier nuclei traveling at nearly
the speed of light. Such bursts occasionally deliver in excess of
a couple of hundred rem over an hour or so—a lethal dose to
an unshielded astronaut. The great flare of February 23, 1956,
is a notorious example. Whatever measures are taken to ward
off cosmic rays should also protect against these solar tem-
pests. Even so, it might be wise to schedule a trip to Mars dur-
ing the years of minimum solar magnetic activity.

In recognition of the radiation threats, NASA set up the
Space Radiation Shielding Program at the Marshall Space
Flight Center in Huntsville, Ala., in 2003. The first thought
was to protect astronauts by surrounding them with matter,
by analogy to Earth’s atmosphere. A second proposal was to
deflect the cosmic rays magnetically, much as Earth’s mag-
netic field offers some protection for equatorial regions and for
the International Space Station. A more recent idea has been
to give the spacecraft a positive charge, which would repel the
positively charged nuclei.

NASA set up a two-day meeting in August 2004 at the
University of Michigan at Ann Arbor to assess where things
stood. The conclusion was not hopeful. It was not obvious
what the solution to the cosmic-ray problem might be. Nor
was it obvious that there is a solution at all.

www.sciam.com

Force Field
TO MATCH THE PROTECTION offered by Earth’s atmo-
sphere takes the same one kilogram of shielding material per
square centimeter, although astronauts could comfortably
make do with 500 grams, which is equivalent to the air mass
above an altitude of 5,500 meters. Any less would begin to be
counterproductive, because the shielding material would fail
to absorb the shrapnel.

If the material is water, it has to be five meters deep. So a
spherical water tank encasing a small capsule would have a
mass of about 500 tons. Larger, more comfortable living quar-

EUGENE N. PARKER is the world’s leading expert on interplane-
tary gas and magnetic fields. He is best known for hypothesiz-
ing and explaining the solarwind in 1958. Now the stuff of text-
books, the idea of a vigorous outflow of particles from the sun
was initially so controversial that the Astrophysical Journal
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nearly rejected his paper. Parker also developed the modern
theoryof the solarmagnetic field, including magnetic reconnec-
tion. An emeritus physics professoratthe University of Chicago
and amember of the National Academy of Sciences, Parker has
received numerous prizes, including the U.S. National Medal of
Science, the Henry Norris Russell Lectureship of the American
Astronomical Society and the Kyoto Prize in Basic Sciences.
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PLAN 1: MATERIAL SHIELD

Alarge mass around the astronauts absorbs incoming radiation and the secondary particles it produces. A spherical shell of
water five meters thick provides the same protection that Earth’s atmosphere offers at an altitude of 5,500 meters (18,000 feet).

PROS:
Simple
Guaranteed to work

LIVING QUARTERS

COSMIC RAY

CASCADE OF
SECONDARY
PARTICLES

SMETERS

ters would require even more. By comparison, the space shuttle
can carry a maximum payload of about 30 tons. Water is com-
monly proposed because astronauts would need it anyway and
because it is rich in hydrogen. Heavier elements make less ef-
fective shields because the extra protons and neutrons in their
nuclei fall in one another’s shadows, limiting their ability to
interact with an incoming cosmic ray. To increase the hydrogen
content, engineers could use ethylene (C;Hy4), which has the
further advantage that it can be polymerized to polyethylene,
a solid, thereby avoiding the necessity for a tank to contain it.
Even so, the required mass would be at least 400 tons—still not
feasible. Pure hydrogen would be lighter but would require a
heavy pressurized vessel.

Consider, then, the prospects for magnetic shielding. A
charged particle moving across a magnetic field is deflected at
right angles to its direction of motion. Depending on the ar-
rangement of field lines, the particle can be sent in almost any
direction or even forced to circle endlessly. On approaching the
magnetic field of Earth at low latitudes, a charged particle is sent
back out into space [see box on opposite page] if it is not too
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energetic. A spacecraft could carry a magnet to do the same.

One big problem, though, is the immense kinetic energy of
an individual cosmic-ray proton. Adequate protection for the
astronauts means repulsing the very numerous cosmic-ray pro-
tons with two billion electron volts (the standard unit of en-
ergy used in particle physics). To stop them within the space
of a few meters, a shield would have to have a magnetic field
of 20 teslas, or about 600,000 times the strength of Earth’s
field at the equator. So strong a field requires an electromagnet
constructed with superconducting wires, akin to those used in
particle accelerators. Samuel C. C. Ting of the Massachusetts
Institute of Technology headed up a design group that devised
such a system with a mass of only nine tons—a big advance
over material shielding but still discouragingly heavy to think
of carrying all the way to the Martian surface and back.

The magnetic scheme has a number of fine points that
should be appreciated. Magnetic fields provide no significant
shielding near the magnetic poles, where incoming particles
come in parallel to, rather than across, the field. That is why
Earth’s field provides little protection except for people living
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PLAN 2: MAGNETIC SHIELD

Anelectromagnet pushes incoming particles back into space. To deflect the bulk of cosmic rays, which have energies of up to
two gigaelectron-volts, requires a magnetic field 600,000 times as strong as Earth’s equatorial field.

CONS:
PROS: Offers no protection along axis
Much lighter than material shield Strong magnetic field may itself be dangerous

COSMIC RAY
MAGNETICFIELD

- -

MAGNETIC FIELD LIVING QUARTERS

GENERATOR COIL

To suppress the field inside the living quarters, the spacecraft designers could add a second, inner electromagnet ring.
But the cancellation is only partial and greatly increases the complexity of the system.

L
AREAWHERE

MAGNETICFIELD
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=
NEUTRALIZING
MAGNETICFIELD
GENERATOR
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in equatorial regions. To keep astronauts in the equivalent of
an equatorial region, the living quarters of the spacecraft
would have to be doughnut-shaped. The astronauts would
have to endure a magnetic field of 20 teslas, and no one knows
what the biological effects would be. The late John Marshall,
a University of
Chicago experi-
mental physicist,
remarked to me
many years ago
that when he
stuck his head in a 0.5-tesla field in the gap of an old particle-
accelerator magnet, any motion of his head produced tiny
flashes of light in his eyes and an acid taste in his mouth, pre-
sumably caused by electrolysis in his saliva.

Given that a strong field can affect body chemistry in this
way, researchers need to conduct some laboratory experi-
ments to verify the safety of a 20-tesla shield. If it proves haz-

PLAN 3: ELECTROSTATIC SHIELD

My colleague stuck his head into a 0.5-tesla magnetic
field. Any motion of his head produced tiny flashes of
light in his eyes and an acid taste in his mouth.

ardous, engineers may have to cancel out the field within the
living quarters using an opposing electromagnet. A secondary
magnet clearly makes the system more complicated and more
massive.

Some researchers have proposed using a field that extends
over a distance
much larger than
a few meters. The
field could be
pushed out using
a plasma, much
as the ionized gas of the solar wind carries the solar magnetic
field out to great distances from the sun. Advocates claim that
such an “inflated” field would not need to be as intense; 1
tesla, or even less, might suffice. Unfortunately, this scheme
disregards the fact that plasmas are notoriously unstable. The
laboratory effort over the past 50 years to trap plasma in a
magnetic field, for the purpose of producing energy from nu-

Firing a beam of electrons into space causes a positive charge to build up on the spacecraft. This charge repels cosmic rays.
To deflect particles with energies of up to two gigaelectron-volts, the ship would have to be charged to two billion volts.

PROS:
No gapsincoverage
No hazardous magnetic field

COSMIC RAY

ELECTRICFIELD
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CONS:
Creates nastyinflux of negatively charged particles

Requires gargantuan electric current

ELECTRON BEAM
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clear fusion, has shown the remarkable ability of a plasma to
wiggle free of any attempt to control it. Even if the plasma
could be harnessed to inflate a magnetic field, it would serve
only to weaken, rather than enhance, the shield. The field lines
would be pushed out radially and spread around a larger cir-
cumference, so that an incoming proton would have to cross
fewer field lines. The shield strength would fall, just as it does
in the midlatitudes and polar regions of Earth.

No Charge

STRIKING OUT inanother direction, other researchers have
proposed to charge the spacecraft electrically. If the outer
walls had a voltage of two billion volts relative to the sur-
rounding space, they would repel all the cosmic-ray protons
with energies up to two billion electron volts. A similar scheme
has been proposed for a moon base.

The proposers seemed to be unaware that space is not emp-
ty. In the vicinity of Earth, the solar wind fills space with about
five ions and five electrons per cubic centimeter. These elec-
trons, being negatively charged, would be powerfully attract-
ed by a positively charged spacecraft. Because the electric field
would extend out to where its potential energy fell below the
thermal energy of the electrons—a distance of tens of thou-
sands of kilometers outward from the spacecraft—it would
pullin electrons from an immense volume. They would hit the
walls with an energy of two billion electron volts and behave
just like cosmic rays, each having as much energy as the pro-
tons the system repels. Therefore, the natural cosmic-ray flux
would be replaced with a vastly more intense artificial one.
The electrons would produce gamma rays on impact with the
spacecraft, and the intensity of that bombardment would be
staggering, dwarfing the original problem.

That is not all. Simple estimates of the power requirements
to maintain the charge of the spacecraft are mind-boggling.
One ampere of current at two billion volts amounts to 2,000
megawatts—the output of a good-size electric power plant.
Rough estimates suggest the current would exceed 10 million
amperes. The proposers have not spelled out how they hope
to charge the spacecraft to two billion volts in the first place.
Curiously, like the idea of inflating magnetic fields, the notion
of charging the spacecraft to shield the astronauts has re-
ceived substantial attention and funding without a clear ex-
planation of how it might work.

Others have proposed more prosaic options. Larger rock-
ets or advanced propulsion technologies could speed the jour-
ney and lessen astronauts’ exposure time. But the optimum
travel time to Mars is more or less a fixed fraction of the or-
bital period of the planets, and to trim it by much would take
a good deal more fuel (and hence money). On Mars itself, the
problem does not go away. The atmosphere is scrawny, a mere
10 grams per square centimeter. Burying the base under hun-
dreds of tons of soil would provide protection but require
heavy machinery.

At the present time, then, the proposals for protecting
astronauts from cosmic rays give little encouragement. But on

www.sciam.com

MARS’S PITIFUL ATMOSPHERE is scant protection against cosmic rays.
Astronauts will have to bury their base under tons of dirt and limit their
exposure outside. The prospect for permanent settlement hinges on
whether biomedical researchers can develop antiradiation medicine.

the bright side, researchers are only beginning to explore the
biomedical side of the problem. Natural healing processes in
the cell may be able to handle radiation doses that accumulate
over an extended period, and some people’s bodies may be
better at it than others’. If so, the present estimates of the can-
cer incidence, all based on short, intense bursts of radiation,
may overestimate the danger.

In 2003 NASA set up the National Space Radiation Labo-
ratory at Brookhaven National Laboratory to determine the
molecular pathways of cell damage, with the hope of finding
drugs to reduce or repair it. The lab is investigating precisely
how radiation batters DNA and what types of injury do not
readily heal. So far the only known chemicals that improve
the resistance of laboratory rats to radiation damage are
themselves toxic.

It would be too bad if the romance of human space travel
ended ignominiously with cosmic rays making it infeasible.
Capable people might be willing to go to the moon or Mars
just for the adventure, come what may. Even so, the radiation
hazard would take the luster off the idea of human space
travel, let alone full-scale colonization.

MORE TO EXPLORE

Shielding Space Explorers from Cosmic Rays. Eugene Parkerin
Space Weather, Vol. 3, No. 8, Article no. S08004; August 18, 2005.

Presentations from the 2004 NASAworkshop on radiation shields
are available ataoss.engin.umich.edu/Radiation

NASA’s own Web site on space radiation is at
www.radiationshielding.nasa.gov
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Unlocking the Secrets
of Longevity Genes

Ahandful of genes that control the body’s defenses during hard times can also dramatically
improve health and prolong life in diverse organisms. Understanding how they work may reveal
the keys to extending human life span while banishing diseases of old age

By David A. Sinclair and Lenny Guarente

TAPPING THE POWER of longevity genes could change
the arc of a typical human lifetime: instead of vitality
and growth giving way to the decline of old age, a person
might be able to retain the youthfulness he feels at 50
when heis 70, 90 or well past 100.
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You can assume quite a bit

about the state of a used car just from its mileage and model
year. The wear and tear of heavy driving and the passage of
time will have taken an inevitable toll. The same appears to be
true of aging in people, but the analogy is flawed because of a
crucial difference between inanimate machines and living crea-
tures: deterioration is not inexorable in biological systems,
which can respond to their environments and use their own
energy to defend and repair themselves.

At one time, scientists believed aging to be not just deterio-
ration but an active continuation of an organism’s genetically
programmed development. Once an individual achieved ma-
turity, “aging genes” began to direct its progress toward the
grave. This idea has been discredited, and conventional wis-
dom now holds that aging really is just wearing out over time
because the body’s normal maintenance and repair mecha-
nisms simply wane. Evolutionary natural selection, the logic
goes, has no reason to keep them working once an organism
has passed its reproductive age.

www.sciam.com

Yet we and other researchers have found that a family of
genes involved in an organism’s ability to withstand a stressful
environment, such as excessive heat or scarcity of food or wa-
ter, have the power to keep its natural defense and repair ac-
tivities going strong regardless of age. By optimizing the body’s
functioning for survival, these genes maximize the individual’s
chances of getting through the crisis. And if they remain acti-
vated long enough, they can also dramatically enhance the
organism’s health and extend its life span. In essence, they
represent the opposite of aging genes—longevity genes.

We began investigating this idea nearly 15 years ago by
imagining that evolution would have favored a universal regula-
tory system to coordinate this well-known response to environ-
mental stress. If we could identify the gene or genes that serve
as its master controllers and thereby act as master regulators
of an organism’s life span, these natural defense mechanisms
might be turned into weapons against the diseases and decline
that are now apparently synonymous with human aging.
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Many recently discovered genes,
known by such cryptic names as daf-2,
pit-1, amp-1, clk-1 and p66Shc, have
been found to affect stress resistance and
life span in laboratory organisms, sug-
gesting that they could be part of a fun-
damental mechanism for surviving ad-
versity [see table on page 54]. But our
own two laboratories have focused on a
gene called SIR 2, variants of which are
present in all organisms studied so far,
from yeast to humans. Extra copies of
the gene increase longevity in creatures
as diverse as yeast, roundworms and
fruit flies, and we are working to deter-
mine whether it does the same for larger
animals, such as mice.

counting how many times mother cells
divide to produce daughters before dy-
ing. A typical yeast cell’s life span is about
20 divisions.

One of us (Guarente) began by screen-
ing yeast colonies for unusually long-
lived cells in the hope of finding genes
responsible for their longevity. This
screen yielded a single mutation in a gene
called SIR4, which encodes part of a
complex of proteins containing the Sir2
enzyme. The mutation in SIR4 caused
the Sir2 protein to gather at the most
highly repetitive region of the yeast ge-
nome, a stretch containing the genes that
encode the protein factories of the cell,
known as ribosomal DNA (rDNA).

the mother cell’s nucleus afterward.
Thus, a mother cell accumulates an ever
increasing number of circles that eventu-
ally spell her doom, possibly because
copying the ERCs consumes so many re-
sources that she can no longer manage to
replicate her own genome.

When an extra copy of the SIR2 gene
was added to the yeast cell, however, for-
mation of the rDNA circles was repressed
and the cell’s life span was extended by
30 percent. That finding explained how
SIR2 could act as a longevity gene in
yeast, but amazingly, we soon discov-
ered that extra copies of the SIR2 gene
also extended the life span of round-
worms by as much as 50 percent. We

Animals that remain on this diet not only live longer
but are far healthier during their prolonged lives.

As one of the first longevity genes to
have been identified, SIR2 is the best
characterized, so we will focus here on
its workings. They illustrate how a ge-
netically regulated survival mechanism
can extend life and improve health, and
growing evidence suggests that STR2 may
be the key regulator of that mechanism.

Silence Is Golden

WE FIRST DISCOVERED thatSIR2is
a longevity gene by asking what causes
individual baker’s yeast cells to grow old
and whether a single gene might control
aging in this simple organism. The no-
tion that an understanding of yeast life
span would tell us anything about hu-
man aging was deemed preposterous by
many. Aging in yeast is measured by

for survival.

survival mechanism.

human life spans.
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More than 100 of these rDNA repeats
exist in the average yeast cell’s genome,
and they are difficult to maintain in a
stable state. Repetitive sequences are
prone to “recombining” with one anoth-
er, a process that in humans can lead to
numerous illnesses, such as cancer and
Huntington’s disease. Our yeast findings
suggested that aging in mother cells was
caused by some form of rDNA instability
that was mitigated by the Sir proteins.
In fact, we found a surprising kind of
rDNA instability. After dividing several
times, yeast mother cells spin off extra
copies of the rDNA as circular rings that
pop out of the genome. These extrachro-
mosomal rDNA circles (ERCs) are cop-
ied along with the mother cell’s chromo-
somes prior to cell division but remain in

= Genes that control an organism’s ability to withstand adversity cause
changes throughout the body that render it temporarily supercharged

= Activated over the long term, this stress response prolongs life span and
forestalls disease in a wide range of organisms.
= Sirtuins are a family of genes that may be master regulators of this

= Understanding how they produce their health and longevity-enhancing
effects could lead to disease treatments and ultimately longer, disease-free

were surprised not only by this com-
monality in organisms separated by a
vast evolutionary distance but by the fact
that the adult worm body contains only
nondividing cells—thus, the replicative
aging mechanism in yeast could not ap-
ply to worms. We wanted to know ex-
actly what the SIR2 gene does.

As we soon discovered, the gene en-
codes an enzyme with a completely nov-
el activity. Cellular DNA is wrapped
around a complex of packaging proteins
called histones. These bear chemical tags,
such as acetyl groups, that determine how
snugly the histones package DNA. Re-
moving acetyl groups from histones tight-
ens the packaging further and renders the
DNA inaccessible to the enzymes respon-
sible for popping the rDNA circles out of
the chromosome. This deacetylated form
of DNA is said to be silent because any
genes in these regions of the genome are
rendered inaccessible to being activated.

Sir proteins were already known to
be involved in gene silencing—indeed,
SIR stands for silent information regula-
tor. Sir2 is one of several enzymes that
remove acetyl tags from the histones, but
we discovered that it is unique in that its
enzymatic activity absolutely requires a
ubiquitous small molecule called NAD,
which has long been known as a conduit
of many metabolic reactions in cells. This
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SIR2 AND STRESS IN YEAST

nderate stress extends the life span of yeast about 30
ent by stimulating increased activity of the Sir2 enzyme.
essors can boost Sir2 activity via two distinct pathways
wn below), each one resulting in suppression of a Sir2

JLy

inhibitor. The hyperactivated Sir2, in turn, represses a form
of genome instability that normally would contribute to the
yeast cell’s death after about 20 cycles of cell division.
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Yeast cellsreproduce by dividinginto
mother and daughter cells. After
several divisions, the mother normally
begins accumulating extra DNArings.
After some 20 divisions, it becomes
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By causingthe vulnerable genome
region to coil more tightly, increased
Sir2 activity protects a yeast cell from
forming the extra DNArings, allowing  ce|l remains healthy
ittoremain youthful and continue and continues dividing

association between Sir2 and NAD was
exciting because it linked Sir2 activity to
metabolism and thus potentially to the
relation between diet and aging observed
in calorie restriction.

The Calorie Connection
RESTRICTING AN ANIMAL’S calorie
intake is the most famous intervention
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crippled by the buildup and dies

dividing longer

known to extend life span. Discovered
more than 70 years ago, it is still the only
one absolutely proven to work. The re-
stricted regime typically involves reduc-
ing an individual’s food consumption by
30 to 40 percent compared with what is
considered normal for its species. Ani-
mals ranging from rats and mice to dogs
and possibly primates that remain on
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this diet not only live longer but are far
healthier during their prolonged lives.
Most diseases, including cancer, diabe-
tes and even neurodegenerative illnesses,
are forestalled. The organism seems to
be supercharged for survival. The only
apparent trade-off in some creatures is a
loss of fertility.

Understanding the mechanisms by
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which calorie restriction works and de-
veloping medicines that reproduce its
health benefits have been tantalizing
goals for decades [see “The Serious
Search for an Antiaging Pill,” by Mark
A. Lane, Donald K. Ingram and George
S. Roth; SciENTIFIC AMERICAN: THE
SCIENCE OF STAYING YOUNG, 2004].
The phenomenon was long attributed to
a simple slowing down of metabolism—
cells’ production of energy from fuel
molecules—and therefore reduction of
its toxic by-products in response to less
food.

But this view now appears to be in-
correct. Calorie restriction does not slow
metabolism in mammals, and in yeast

and worms, metabolism is both sped up
and altered by the diet. We believe, there-
fore, that calorie restriction is a biologi-
cal stressor like natural food scarcity
thatinduces a defensive response to boost
the organism’s chances of survival. In
mammals, its effects include changes in
cellular defenses, repair, energy produc-
tion and activation of programmed cell
death known as apoptosis. We were ea-
ger to know what part Sir2 might play in
such changes, so we looked first at its
role during calorie restriction in simple
organisms.

In yeast, we have found that restrict-
ing food availability affects two path-
ways that increase Sir2 enzymatic activ-

ity in the cells. On one hand, calorie re-
striction turns on a gene called PNC1,
which produces an enzyme that rids cells
of nicotinamide, a small molecule simi-
lar to vitamin B3 that normally represses
Sir2. Consistent with the idea that calorie
restriction is a stressor that activates a sur-
vival response, PNC1 is also stimulated
by other mild stressors known to extend
yeast life span, such as increased temper-
ature or excessive amounts of salt.

A second pathway induced in yeast by
restricted calories is respiration, a mode
of energy production that creates NAD
as a by-product while lowering levels of
its counterpart, NADH. It turns out that
not only does NAD activate Sir2, but

Scientists studying longevity have identified an assortment
of genes that can influence life span in different organisms.
Like SIR2 and its gene relatives (the Sirtuins), some of them
promote longer life when more copies of the gene are present
oractivity by the proteinit encodes is increased. Many of the
genes and their proteins have a negative effect on life span,
however, so reducing their activity enhances longevity.

In worms, for example, the gene that encodes cellular
receptors forinsulin and insulinlike growth factor 1 (IGF-1) is
called daf-2. Suppressing the daf-2 gene’s activity in adult

worms interferes with signaling via insulin and IGF-1 and
extends the organisms’ lives by as much as 100 percent.
Suppression of several other growth-related genes or
interveningin the pathways of molecular activity they trigger
has also been found to promote longevity.

Several of the genes listed below or their proteins have
been shown to regulate or be regulated by Sirtuins during
calorie restriction, suggesting that they could be part of a
master regulatory network for aging. The authors speculate
that SIR2 and its relatives may orchestrate this network.

SIR2
(SIRT1)

Yeast, worm, fly/ More None known

30 percent

Cell survival, metabolism and
stressresponses

Daf/Fox0 proteins Less

(Insulin, IGF-1)

Worm, fly, mouse/
100 percent

Growth and glucose metabolism Dwarfism, sterility, cognitive

decline, tissue degeneration

Amp-1 More None known

(AMPK)

Worm/10 percent Metabolism and stress responses

P66Shc
(P66Shc)

Mouse/27 percent Less Free-radical production None known

Prop1, pit1
(Pou1F1)

Mouse/42 percent

Less Pituitary activity

Dwarfism, sterility,
hypothyroidism

Methuselah
(cD97)

Fly/35 percent
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Stress resistance and
nerve cell communication

Less

None known
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TAMI TOLPA (illustration); LUCY READING-IKKANDA (diagram)

CALORIE RESTRICTION
AND OTHER BIOLOGICAL STRESS

IMPROVED DNA STABILITY

INCREASED REPAIR
AND DEFENSE

COORDINATED
STRESS RESPONSE

ENHANCED ENERGY
PRODUCTION AND USE

PROLONGED
CELL SURVIVAL

ORCHESTRATOR OF BENEFICIAL CHANGE, the Sirt1 enzyme appears to be responsible for the health
and longevity-enhancing effects of calorie restrictionin mammals. Food scarcity and other biological
stressors triggerincreased activity by Sirt1, which in turn alters activities within cells. By boosting
manufacture of certain signaling molecules, such as insulin, Sirt1 may also coordinate the stress
response throughout the body. The enzyme produces its effects by modifying other proteins

[seeillustration on next page].

NADH is an inhibitor of the enzyme, so
altering the cell’s NAD/NADH ratio
profoundly influences Sir2 activity.

Having seen how life-extending bio-
logical stress increases Sir2 activity, the
question became, Is Sir2 necessary to
produce the longevity? The answer ap-
pears to be a resounding “yes.” One
way to test whether Sir2 is essential to
this process is to remove its gene and
determine whether the effect remains.
In organisms as complex as fruit flies,
calorie restriction does require SIR2 to
extend life span. And because the body
of an adult fruit fly contains numerous
tissues that are analogous to mamma-
lian organs, we suspect that calorie re-
striction in mammals is also likely to
require SIR2.

Yet if humans are ever to reap the
health benefits of calorie restriction, rad-
ical dieting is not a reasonable option.
Drugs that can modulate the activity of
Sir2 and its siblings (collectively referred
to as Sirtuins) in a similar manner will
be needed. Just such a Sirtuin-activating
compound, or STAC, called resveratrol
has proven particularly interesting. Res-
veratrol is a small molecule present in
red wine and manufactured by a variety
of plants when they are stressed. At least
18 other compounds produced by plants
in response to stress have also been
found to modulate Sirtuins, suggest-
ing that the plants may use such mole-
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cules to control their own Sir2 enzymes.

Feeding resveratrol to yeast, worms
or flies or placing them on a calorie-re-
stricted diet extends their life spans about
30 percent, but only if they possess the
SIR2 gene. Moreover, a fly that overpro-
duces Sir2 has an increased life span that
cannot be further extended by resvera-
trol or calorie restriction. The simplest
interpretation is that calorie restriction
and resveratrol each prolong the lives of
fruit flies by activating Sir2.

Resveratrol-fed flies not only live lon-
ger, despite eating as much as they want,
but they do not suffer from the reduced
fertility often caused by calorie restric-
tion. This is welcome news for those of
us hoping to treat human diseases with
molecules that target Sir2 enzymes. But
first we want a better understanding of
the role of Sir2 in mammals.

Leader of the Band

THE MAMMALIAN VERSION of the
yeast SIR2 gene is known as SIRT1
(“SIR2 homolog 1”). It encodes a pro-
tein, Sirt1, that has the same enzymatic
activity as Sir2 but that also deacetylates
a wider variety of proteins both inside
the cell nucleus and out in the cellular
cytoplasm. Several of these proteins tar-
geted by Sirtl have been identified and
are known to control critical processes,
including apoptosis, cell defenses and
metabolism. The potential longevity-
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enhancing role of the SIR2 gene family
seems, therefore, to be preserved in
mammals. But not surprisingly in larger
and more complex organisms, the path-
ways by which Sirtuins achieve their ef-
fect have grown considerably more com-
plicated as well.

Increased Sirt1 in mice and rats, for
example, allows some of the animals’
cells to survive in the face of stress that
would normally trigger their pro-
grammed suicide. Sirt1 does this by regu-
lating the activity of several other key
cellular proteins, such as p53, FoxO and
Ku70, that are involved either in setting
a threshold for apoptosis or in prompting
cell repair. Sirtl thus enhances cellular
repair mechanisms while buying time for
them to work.

Over the course of a lifetime, cell loss
from apoptosis may be an important fac-
tor in aging, particularly in nonrenew-
able tissues such as the heart and brain,
and slowing cell death may be one way
Sirtuins promote health and longevity. A
striking example of Sirt1’s ability to fos-
ter survival in mammalian cells can be
seen in the Wallerian mutant strain of
mouse. In these mice, a single gene is du-
plicated, and the mutation renders their
neurons highly resistant to stress, which
protects them against stroke, chemo-
therapy-induced toxicity and neurode-
generative diseases.

In 2004 Jeffrey D. Milbrandt of
Washington University in St. Louis and
his colleagues showed that the Walleri-
an gene mutation in these mice increas-
es the activity of an enzyme that makes
NAD, and the additional NAD appears
to protect the neurons by activating
Sirtl. Moreover, Milbrandt’s group
found that STACs such as resveratrol
conferred a protective effect on the neu-
rons of normal mice similar to the Wal-
lerian mutation.

In a more recent study by Christian
Néri of the French National Institute of
Health and Medical Research, resvera-
trol and another STAC, fisetin, were
shown to prevent nerve cells from dying
in two different animal models (worm
and mouse) of human Huntington’s dis-
ease. In both cases, the protection by
STACsS required Sirtuin gene activity.
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The Sirtl enzyme is the best
characterized Sirtuin, but it is not
the only one found in mammals.
Genes related to SIRT1 give rise to
similar enzymes that actin various
locations within cells. Sirt1 operates
bothin the nucleus and in the
cytoplasm, deacetylating other
proteins and thereby altering their
behavior. Many of its targets are
transcription factors that directly
activate genes or are regulators of
those factors [see examples below
right], giving Sirt1 regulatory
control over a wide range of critical
cellular functions.

Scientists are just beginning
to identify the roles of the other
Sirtuins and to determine whether
they, too, influence longevity. Sirt2,
for example, is known to modify
tubulin, a component of a cell’s
internal scaffolding, and may affect
cell division. Sirt3 is active in the
cell’s energy generators, the
mitochondria, and appears to
participatein regulating body
temperature. The functions of Sirt4
and Sirt5 are unknown. Mutations in
the gene encoding Sirt6 have been
associated with premature aging.

The protective effect of Sirtuins in
individual cells is becoming increasingly
clear. But if these genes are the mediators
of calorie restriction’s benefits, an un-
solved puzzle remains how diet can reg-
ulate their activities and thus the rate of
aging in an entire animal. Recent re-
search by Pere Puigserver of the Johns
Hopkins University School of Medicine
and his colleagues has shown that NAD
levels rise in liver cells under fasting con-
ditions, prompting increased Sirt1 activ-

ity. Among the proteins Sirt1 acts on is
an important regulator of gene tran-
scription called PGC-1a, which then
causes changes in the cell’s glucose me-
tabolism. Thus, Sirtl was found to act
both as a sensor of nutrient availability
and a regulator of the liver’s response.
Similar data have given rise to the
idea that Sirt1 is a central metabolic reg-
ulator in liver, muscle and fat cells be-
cause it senses dietary variations via
changes in the NAD/NADH ratio with-

THE AUTHORS

DAVID A. SINCLAIR and LENNY GUARENTE began working together to identify longevity-
regulating genes and unravel their mechanisms in 1995, when Sinclair became a post-
doctoral fellowin Guarente’s lab at the Massachusetts Institute of Technology. Sinclair
is now director of the Paul F. Glenn Laboratories for the Biological Mechanisms of Aging
at Harvard Medical School and an associate of the Broad Institute in Cambridge, Mass.
Guarente, Novartis Professor of Biology, has been on the faculty of M.1.T. for 25 years.

His lab firstidentified the SIR2 gene as the controller of life span in yeast and showed

thattheenzymeitencodesisresponsible forthe beneficial effects of calorie restriction

in that organism. Today both authors are investigating the mammalian version of the

gene, SIRT1. Sinclair’s company Sirtis and Guarente’s firm Elixir are each developing

Sirtuin-activating molecules for pharmaceutical use.
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in cells and then exerts far-reaching ef-
fects on the pattern of gene transcription
in those tissues. This model would ex-
plain how Sirt]l may integrate many of
the genes and pathways that affect lon-
gevity described on page 54.

More than one mechanism may me-
diate Sirt1’s bodywide activities, how-
ever. Another appealing hypothesis is
that mammals register their food avail-
ability by the amount of energy they
have stored in the form of body fat. Fat
cells secrete hormones that convey sig-
nals to the other tissues in the body, but
their message depends on the levels of fat
stored. By reducing fat stores, calorie re-
striction may establish a pattern of hor-
mone signals that communicates “scar-
city,” which activates cell defenses. Con-
sistent with this idea is the fact that mice
genetically engineered to be extra lean
regardless of their food intake tend to
live longer.

This possibility led us to wonder
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whether Sirtl, in turn, also regulates fat
storage in response to diet. Indeed, Sirt1
activity is increased in fat cells after food
limitation, causing fat stores to move
from the cells into the bloodstream for
conversion to energy in other tissues. We
surmise that Sirt1 senses the diet, then
dictates the level of fat storage and thus
the pattern of hormones produced by fat
cells. This effect on fat and the signals it
sends would, in turn, set the pace of ag-
ing in the entire organism and make Sirt1
akey regulator of the longevity conferred
by calorie restriction in mammals. It
would also closely link aging and meta-
bolic diseases, including type 2 diabetes,
associated with excess fat. Intervening

turn, seem to regulate Sirt1 production
as part of a complex feedback loop. The
relation between Sirt1, IGF-1 and insu-
lin is intriguing because it explains how
Sirt1 activity in one tissue might be com-
municated to other cells in the body.
Moreover, circulating levels of insulin
and IGF-1 are known to dictate life span
in various organisms—worms, flies,
mice, possibly ourselves.

From Defense to Advance

BECAUSE PEOPLE have sought to slow
aging for tens of thousands of years
without success, some may find it hard
to accept that human aging might be
controlled by tweaking a handful of

controlled mouse experiments that
should soon tell us whether the SIRT1
gene controls health and life span in a
mammal. We will not know definitively
how Sirtuin genes affect human longev-
ity for decades. Those who are hoping to
pop a pill and live to 130 may have there-
fore been born a bit too early. Neverthe-
less, those of us already alive could live to
see medications that modulate the activ-
ity of Sirtuin enzymes employed to treat
specific conditions such as Alzheimer’s,
cancer, diabetes and heart disease. In
fact, several such drugs have begun clin-
ical trials for treatment of diabetes, her-
pes and neurodegenerative diseases.
And in the longer term, we expect

Without actually knowing the precise causes of aging,
we have demonstrated that it can be delayed.

pharmacologically in the Sirt1 pathway
in fat cells might therefore forestall not
only aging but also specific ailments.

Another critical process modified by
Sirtl is inflammation, which is involved
in a number of disorders, including can-
cer, arthritis, asthma, heart disease and
neurodegeneration. Recent work by
Martin W. Mayo and his colleagues at
the University of Virginia has shown
that Sirtl inhibits NF-kB, a protein
complex that promotes the inflamma-
tory response. The Sirt1-activating com-
pound resveratrol has the same effect.
This finding is particularly encourag-
ing, both because the search for mole-
cules that inhibit NF-«B is a highly ac-
tive area of drug development and be-
cause another well-known effect of
calorie restriction is its ability to
suppress excessive inflammation.

If SIR2 is thus the master controller
of a regulatory system for aging that is
activated by stress, it may function by
acting as the conductor of an orchestra
of players that includes hormonal net-
works, intracellular regulatory proteins
and other genes associated with longev-
ity. One of the more notable discoveries
in recent years was that Sirt1 regulates
production of insulin and insulinlike
growth factor 1 (IGF-1) and that those
two powerful signaling molecules, in
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genes. Yet we know it is possible to fore-
stall aging in mammals with a simple
dietary change: calorie restriction works.
And we have shown that Sirtuin genes
control many of the same molecular
pathways as calorie restriction. Without
actually knowing the precise, and poten-
tially myriad, causes of aging, we have
already demonstrated in a variety of life-
forms that it can be delayed by manipu-
lating a few regulators and letting them
take care of the organisms’ health.

We also know that the SIR2 family
of genes evolved far back in time because
today they are found in organisms rang-
ing from baker’s yeast, Leishmania par-
asites and roundworms to flies and hu-
mans. In all these organisms but the last,
which has not yet been tested, Sirtuins
dictate length of life. This fact alone con-
vinces us that human Sirtuin genes prob-
ably hold the key to our health and lon-
gevity as well.

Both our labs are running carefully

that unlocking the secrets of longevity
genes will allow society to go beyond
treating illnesses associated with aging
and prevent them from arising in the
first place. It may seem hard to imagine
what life will be like when people are
able to feel youthful and live relatively
free of today’s diseases well into their
90s. Some may wonder whether tinker-
ing with human life span is even a good
idea. But at the beginning of the 20th
century, life expectancy at birth was
around 45 years. It has risen to about 75
thanks to the advent of antibiotics and
public health measures that allow peo-
ple to survive or avoid infectious diseas-
es. Society adapted to that dramatic
change in average longevity, and few
people would want to return to life
without those advances. No doubt, fu-
ture generations accustomed to living
past 100 will also look back at our cur-
rent approaches to improving health as
primitive relics of a bygone era.

MORE TO EXPLORE

Ageless Quest: One Scientist’s Search for Genes That Prolong Youth. Lenny Guarente.

Cold Spring Harbor Laboratory Press, 2002.

The Secrets of Aging. Sophie L. Rovnerin Chemical & Engineering News, Vol. 82, No. 34,
pages 30—35; August 23,2004. http://pubs.acs.org/cen/coverstory/8234/8234aging.html

Calorie Restriction, Sirt1 and Metabolism: Understanding Longevity. Laura Bordone and
Leonard Guarente in Nature Reviews Molecular and Cell Biology, Vol. 6, pages 298—-305; April 2005.

Toward a Unified Theory of Caloric Restriction and Longevity Regulation. David A. Sinclairin
Mechanisms of Ageing and Development, Vol. 126, No. 9, pages 987-1002; September 2005.
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Much of the carbon dioxide given o
acid balance of seawater. The repercussions for marine

n 1956 Roger Revelle and Hans Suess, geochemists at
the Scripps Institution of Oceanography in California,
pointed out the need to measure carbon dioxide in the
air and ocean so as to obtain “a clearer understanding
of the probable climatic effects of the predicted great indus-
trial production of carbon-dioxide over the next 50 years.”
In other words, they wanted to figure out how dire the situ-
ation would be today. That they had to argue the importance

of such observations now seems astonishing, but at the time
scientists did not know for certain whether the carbon diox-
ide spewing out of tailpipes and smokestacks would indeed
accumulate in the atmosphere. Some believed that it would
all be absorbed benignly by the sea or be happily taken up by
growing plants on land.
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Revelle and the young researcher he hired for this project,
the late Charles David Keeling, realized that they had to set
up equipment at remote locations, far from local sources and
sinks of carbon dioxide, which would cause the measure-
ments to vary erratically. One spot they chose was about as
far from industrial activity and vegetation as anyone could
get: the South Pole. Another was at a newly established
weather station atop Mauna Loa in Hawaii.

The Mauna Loa monitoring has continued (with just one
brief interruption) from 1958 to this day. Being not so remote
as Antarctica, Hawaii sees carbon dioxide levels rise and fall
sharply in step with the Northern Hemisphere’s growing sea-
son, but at the end of each and every year, the concentration
of this heat-trapping gas always ends up higher than it was 12
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months before. So it did not take long for the scientific com-
munity to realize that Revelle was right—much of the carbon
dioxide released into the atmosphere was destined to remain
there. But his calculations were also correct in showing that
a substantial fraction would end up in the sea. And it was clear
to Revelle long ago that the part that went into the ocean would
fundamentally alter the chemistry of seawater. Unlike some
aspects of climate change, the reality of this effect—essentially
the acidification of the ocean—is not much debated, although
its full implications are just now being revealed.

THE HALF-CENTURY RECORD that Keeling produced is
extremely valuable, but it is too short to place the current
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fossn fuels goes |nto the ocean, where it changes the

life may be enormous BYscoTT C. DONEY

CORAL REEFS—and the extraordinary biodiversity they support—are
under siege from many forces, including exposure to toxic chemicals
and direct physical destruction. Aless known but perhaps greater
threatis the change in ocean chemistry caused by the burning of fossil
fuels. Today one third of the carbon dioxide given offin that process
enters the ocean, reducingits naturally alkaline pH. This shift toward
more acidic conditions diminishes the ability of corals (and many
other marine organisms) to grow.

situation in context. Scientists have, however, been able to
obtain a longer-term perspective by measuring air bubbles
trapped in ice cores. From this natural archive they have
learned that the atmospheric concentration of carbon dioxide
was approximately constant for several thousand years and
then began to grow rapidly with the onset of industrialization
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in the 1800s. This gas is now about 30 percent more abundant
than it was a few hundred years ago, and it is expected to
double or triple its former level by the end of this century.
This burgeoning supply of carbon comes largely from the
burning of fossil fuels—coal, oil and natural gas. (Cement
production and the burning of tropical forests add some, too,
but to simplify things, let me gloss over such secondary con-

tributions for the sake of clarity.) Unlike the constituents of

living organisms, fossil fuels contain little or none of the ra-
dioactive form of carbon: the carbon 14 isotope, which has
eight neutrons in the nucleus rather than the usual six. Fossil

fuels also display a unique ratio of the two stable isotopes of

carbon (carbon 12 and 13). The combustion of these fuels thus
leaves a distinctive isotopic signature in the atmosphere. So no
one can question where the growing surplus of carbon dioxide
comes from.

The ocean has absorbed fully half of all the
fossil carbon released to the atmosphere since

the beginning of the Industrial Revolution.

Absorption rates can vary, but today about 40 percent of

the carbon dioxide derived from fossil fuel remains in the at-
mosphere; the rest is taken up by vegetation on land or by the

ocean, currently in about equal proportions. The injection of

fossil-fuel carbon into the sea is, as of yet, a relatively small
addition to the ocean’s huge natural reservoir of this element.
Detecting and quantifying the uptake, therefore, requires es-
pecially precise measurements, ones good to at least one part
in 1,000. And because the amounts vary substantially from
place to place, the task also demands the resources and perse-
verance to map carbon concentrations throughout the world.

OQverview/

= About a third of the carbon dioxide (C0;) released by the
burning of fossil fuels currently ends up in the ocean.

m Absorbed CO, forms carbonic acid in seawater, lowering
the prevailing pH level (which is slightly alkaline] and
changing the balance of carbonate and bicarbonate ions.

= The shift toward acidity, and the changes in ocean
chemistry that ensue, makes it more difficult for marine
creatures to build hard parts out of calcium carbonate.
The decline in pH thus threatens a variety of organisms,
including corals, which provide one of the richest
habitats on earth.

= Within a century, the surface of the Southern Ocean will
become corrosive to the shells of tiny snails that form
akey linkin the marine food chain within this highly
productive zone.
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Oceanographers did exactly that in the late 1980s and 1990s,
as part of a global assessment that went by two acronyms:
JGOFS (for Joint Global Ocean Flux Study) and WOCE (for
World Ocean Circulation Experiment).

Those surveys, however, did not in themselves identify
what part of the carbon measured is natural and what part
derives from the carbon dioxide that people have dumped into
the air. In 1996 Nicolas Gruber, now at the University of
California, Los Angeles, and two of his colleagues developed
an innovative technique for doing so. The application of Gru-
ber’s method to all the JGOFS and WOCE data, an exercise
completed in 2004, suggests that the ocean has absorbed ful-
ly half of all the fossil carbon released to the atmosphere since
the beginning of the Industrial Revolution.

Another way to document this process is to make repeated
measurements of carbon on the same piece of ocean. One must
be careful to distinguish the fossil car-
bon from the various biological sources
of this element in the sea. And the obser-
vations need to span a decade or more to
reveal the overall trend brought on by
the burning of fossil fuels against the
background of natural variability. Last
year Rik Wanninkhof of the National
Oceanic and Atmospheric Administra-
tion’s Atlantic Oceanographic and Meteorological Laboratory
and I led a research expedition to do just such an experiment.

With a party of 31 scientists, technicians and students
onboard our research vessel, we spent almost two months
sampling the physical and chemical properties of the western
South Atlantic, from top to bottom, starting near Antarctica
and ending near the equator. This is the very same slice of
ocean that I and other scientists had first measured in 1989,
when I was a graduate student.

When we compared our observations from 2005 with
those made 16 years earlier, we found that the upper few hun-
dred meters of the South Atlantic in general have higher car-
bon concentrations today than in the recent past, which is
consistent with the notion that the sea is taking in atmospher-
ic carbon dioxide. Other oceanographers have found similar
trends in the Pacific and Indian oceans as well. But what ex-
actly does this change portend for the marine environment?

EXPLAINING THE IMPLICATIONS of these shifts in oce-
anic conditions requires, alas, a review of some freshman
chemistry. But bear with me; it is really not that painful. Car-
bon dioxide (CO;) combines with water to form carbonic acid
(H2COj3), the same weak acid found in carbonated beverages.
Like all acids, this one releases hydrogen ions (H*) into solution,
in this case leaving both bicarbonate ions (HCO3;7!) and, to a
lesser extent, carbonate ions (CO372) also swimming around.
A small fraction of the carbonic acid remains in solution with-
out dissociating, as does a little carbon dioxide. The resulting
brew of carbon compounds and ions is thus rather complex.
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The concentration of carbon dioxide in the atmosphere has 375
mounted considerably over the past century or so. This worrisome
trend is well documented (right) by a combination of two

techniques: the examination of air bubbles trapped in glacial ice

ATMOSPHERIC CO;

350 Mauna Loa data

(green segment, which shows ?5-year averages) as well as direct s

measurements of the atmosphere (white segment, which reflects = 325

the annual average determined at a weather station situated atop g

Mauna Loa on the big island of Hawaii). g 300
o

Large asitis, the increasing concentration of carbon dioxide
inthe atmosphere would have been even greater had not much

JEN CHRISTIANSEN; SOURCES: CARBON DIOXIDE INFORMATION ANALYSIS CENTER AT OAK RIDGE NATIONAL LABORATORY

(http://cdiac.ornl.gov/ftp/trends/co2/lawdome.combined.dat and http://cdiac.ornl.gov/ftp/ndp001/maunaloa.co2) (atmospheric CO, data);

ROBERT KEY Princeton University (oceanic CO; cross section data)

of itbeen absorbed by the sea, a phenomenon that detailed

below show where about half of this fossil-fuel effluent now
resides—in the upper portions of the world’s oceans.

OCEANIC CO2

Depth (kilometers below sea level)

40°S 20°S 0

Latitude

One simple result of all this dissolving and dissociating is
the increase in hydrogen ion concentration, which chemists
normally quantify in terms of the familiar pH scale. A drop by
one pH unit corresponds to a 10-fold increase in the concentra-
tion of hydrogen ions, making the water more acidic, whereas
a change of one unit upward corresponds to a 10-fold decrease,
making the water more alkaline. Neutral pH (that of pure wa-
ter) is 7. The pH of pristine seawater measures from 8 to 8.3,
meaning that the ocean is naturally somewhat alkaline.
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oceanographic surveys have now documented. The cross sections
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The absorption of carbon dioxide has already caused the
pH of modern surface waters to be about 0.1 lower (less alka-
line) than it was in preindustrial times. Unless civilization
modifies its appetite for fossil fuels soon and in a significant
way, ocean pH will fall an additional 0.3 by 2100. In a trou-
bling prediction of the more distant future, Ken Caldeira, an
oceanographer at the Carnegie Institution of Washington,
suggests that ocean pH several centuries from now will be
lower than at any time in the past 300 million years.
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CARBON DIOXIDE absorbed from the air combines with water to form
carbonic acid. Aportion of this compound persists in the ocean, but
mostofitdissociatesinto acidifying hydrogenions along with
bicarbonate ions. Some of the latter also dissociate, forming carbonate
ions and yet more hydrogenions. These chemical changes cause an
upward shiftin the “saturation horizons” for calcite and aragonite—the
waterlevels deep in the sea below which shells of marine organisms
made of these minerals dissolve.

These shifts in pH may seem small, but they provide ample
cause for alarm. Notably, recent experiments indicate that the
change will prove harmful to some forms of marine life—in
particular, to organisms that depend on the presence of car-
bonate ions to build their shells (or other hard parts) out of
calcium carbonate (CaCOj3).

At first this concern appears paradoxical. After all, if some
of the carbon dioxide absorbed by the sea dissociates into car-
bonate ions, one might expect that there should be plenty to go
around, even more than would have been available otherwise.
That logic, though, is flawed because it neglects the effect of
all the hydrogen ions that are also created, which tend to com-
bine with carbonate ions, forming bicarbonate ions. The net

resultis thus a reduction in the concentration of carbonate ions.

The worry is that a lowering of pH (and thus of carbonate
ion concentration, which is expected to drop by half over this
century) will hamper the ability of certain organisms to make
calcium carbonate, so much so that these organisms will then
have difficulty growing. Some of the most abundant life-
forms that could be affected in this way are a type of phyto-
plankton called coccolithophorids, which are covered with
small plates of calcium carbonate and are commonly found
floating near the surface of the ocean (where they use the
abundant sunlight for photosynthesis). Other important ex-
amples are planktonic organisms called foraminifera (which
are related to amoeba) and pteropods (small marine snails).
These tiny creatures constitute a major food source for fish
and marine mammals, including some species of whales.

Biologists also fear what might happen to corals, which
despite their plantlike appearance are actually colonies of
small animals related to sea anemones. They feed by filtering
plankton out of the water, and they secrete calcium carbonate
skeletons, which accumulate over time to form coral reefs—
some of the most productive and biologically diverse ecosys-
tems in the ocean. Coralline algae (algae that also secrete
calcium carbonate and often resemble corals) contribute to
the calcification of many reefs, too. The Great Barrier Reef
off the coast of Australia, for instance—the largest biological
structure in the world—is simply the accumulation of genera-
tion after generation of coral and coralline algae. Less obvious
examples occur deeper down in the sea, where cold-water
coral communities dot continental margins and seamounts,
forming important fish habitats.

Shallow-water corals owe their beautiful colors in part to
symbiotic algae, which live inside the coral cells. In response
to various forms of environmental stress, these algae some-
times leave their hosts, exposing the white calcium carbonate
skeleton underneath. Such “bleaching” events can be brought
on by extreme warmth, for example. And some scientists sus-

JEN CHRISTIANSEN (top); CHRIS SABINE NOAA Pacific Marine Environment Laboratory (bottom)

THE OCEAN’S CHANGING ACIDITY

Measurements taken in the top
50 meters of the ocean reveal
that pH varies considerably
from place to place. Scientists
expect oceanic pH to decrease
in the years ahead.

Areas of relatively low pH
(signifying more acidic conditions)
arise mostly through the natural
upwelling of deeper waters. Those
zones, such asinthe east
equatorial Pacific, might be good
places for scientists to study the
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pect that the acidification of the ocean (or more properly, the
reduction in the ocean’s slightly alkaline state) also tends to
prompt such episodes.

BUT CORALS and other calcifying marine organisms could
be affected by acidification in even more significant ways—
their shells might actually disintegrate. Drop a piece of chalk
(calcium carbonate) into a glass of vinegar (a mild acid) if you
need a demonstration of the general worry: the chalk will
begin dissolving immediately. Gaining a fuller understanding
of which life-forms are most at risk of such a fate requires
another short chemistry lesson.

The calcium carbonate in corals or in the shells of other
marine creatures comes in two distinct mineral forms: calcite
and aragonite. And some calcite-secreting organisms also add
magnesium to the mix. Aragonite and
magnesium calcite are more soluble
than normal calcite. Thus, corals and
pteropods, which both produce arago-
nitic shells, and coralline algae, which
manufacture magnesium calcite, may
be especially susceptible to harm from
ocean acidification.

The solubility of calcium carbonate
depends fundamentally on the carbonate ion concentration
(and therefore indirectly on pH), but it also hinges on several
other variables, including temperature and pressure. Under
modern conditions, many deep, cold waters are acidic enough
to dissolve calcium carbonate shells. They are said to be “un-
dersaturated.” Shallow, warm surface waters are described as
“supersaturated” with respect to both calcite and aragonite,
meaning that these minerals have no tendency to dissolve. The
transition between supersaturated and undersaturated condi-
tions is referred to as the saturation horizon: the level below
which things begin to dissolve.

Drop in
ocean pH
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0.1
0.2
0.3
0.4
0.5
0.6

2600 2800 3000 0.7
Year 0.8

Depth (kilometers below sea level)

2000
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Although acidification of the sea (as measured by the drop in pH)
has so far been small, scientists expectlarger shifts in the future.
The greatest changes will take place near the surface, but over time
the full depth of the ocean will feel these effects.
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The influx of carbon dioxide from the atmosphere has
caused the saturation horizons for aragonite and calcite to
shift closer to the surface by 50 to 200 meters compared with
where they were positioned in the 1800s. And recent studies
indicate that further widespread shoaling will take place over
the next several decades. Thus, as the ocean becomes more
and more acidic, the upper, shell-friendly portion will become
thinner. That is to say, less and less of the sea will remain
hospitable for calcifying organisms.

Early on, many scientists reasoned that ocean acidification
would pose only a minor problem, because surface waters
would remain supersaturated—at least with respect to calcite,
the robust form of calcium carbonate. In the late 1990s Chris-
topher Langdon, a marine biologist at the University of Mi-
ami, conducted an elegant experiment to test this surmise: he
manipulated the water chemistry over an artificial coral reef

As the ocean becomes more and more
acidic, the upper, shell-friendly portion

will become thinner.

that had been set up in a huge tank at Columbia University’s
Biosphere II laboratory (which, rather incongruously, is lo-
cated in the middle of the Arizona desert). Strikingly, he found
that the rate of calcium carbonate production in the corals
declined with lower pH, although the water remained consid-
erably supersaturated with respect to aragonite. Shortly af-
terward, Ulf Riebesell of the Alfred Wegener Institute for Po-
lar and Marine Research in Germany and his colleagues dem-
onstrated a similar stunting of planktonic coccolithophorids.
Laboratory experiments are now available to show the delete-
rious effects of increased carbon dioxide (and the lower pH
that results) for all the major groups of marine organisms that
have hard parts made of calcium carbonate.

Because cold waters are naturally less supersaturated than
warm ones for the various forms of calcium carbonate, high-
latitude and deep water ecosystems may be the first to suffer
from ocean acidification. Polar surface waters most likely will

SCOTTC. DONEY isaseniorscientistinthe department of marine
chemistry and geochemistry at the Woods Hole Oceanographic
Institution. He began pursuing oceanographic studies while an
undergraduate at the University of California, San Diego, and
ultimately obtained a doctorate in chemical oceanographyin
1991, after completing a program jointly administered by the
Massachusetts Institute of Technology and the Woods Hole

THE AUTHOR

Oceanographic Institution. Among his other professional ac-
tivities, Doney serves on the NASA Orbital Carbon Observatory
science team and is chair of the Ocean Carbon and Climate
Change Scientific Steering Group, whichis a partofthe U.S. Glob-
alChange Research Program.

SCIENTIFIC AMERICAN 63

COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.


http://www.sciam.com/index.cfm?ref=digitalpdf

MARINE ORGANISMS atrisk from
the increasing acidification of
the oceaninclude the corals
and coralline algae commonly
foundinreef communities, as
well as foraminifera and
coccolithophorids, which are
abundantin most surface
waters. Also under threat,
particularlyin cold, polar waters,
are avariety of small marine
snails called pteropods.

become undersaturated for aragonite before the end of this
century. One worrisome possibility, based on the work of
Victoria J. Fabry of California State University, San Marcos,
is that polar pteropods will simply disappear altogether. Or
perhaps they will be forced to migrate to lower, warmer lati-
tudes, assuming that they can adapt to those environments.
No one knows how a sharp decrease in pteropod numbers
will affect other parts of the marine ecosystem. But the fact
that these small snails are a key link in the food chain in the

THE (RAGGED) FUTURE OF ARAGONITE

dissolution. The degree of threat will vary regionally.

Coral (Millepora tenella)

Diminishing pH levels will weaken the ability of certain marine organisms to build their hard parts and will be felt soonest and
most severely by those creatures that make those parts of aragonite, the form of calcium carbonate thatis most prone to
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Coralline algae (Amphiroa anceps)

Southern Ocean (which supports large populations of fish,
whales and seabirds) is ample cause for concern.
High-latitude calcareous phytoplankton and zooplankton
might share a similar fate, although their declines would come
decades later because their shells are formed from calcite, the
less soluble form of calcium carbonate. Deep coral communi-
ties will probably suffer, too, particularly those in the western
North Atlantic along the path of water that contains high
concentrations of carbon from fossil-fuel emissions.

Pteropods form a key linkin the food
chain throughout the Southern Ocean.
For these animals (and creatures that
depend on them), the coming changes
may be disastrous, as the images at
theright suggest. The shell of a
pteropod kept for 48 hours in water
undersaturated with respect to
aragonite shows corrosion on the
surface (a), seen most clearly at high
magnification (b). The shell of a normal
pteropod shows no dissolution (c].
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Before the Industrial Revolution (/eft), most surface waters were substantially “oversaturated” with respect to aragonite (light blue),
allowing marine organisms to form this mineral readily. But now (center), polar surface waters are only marginally oversaturated (dark blue).
At the end of this century (right), such chilly waters, particularly those surrounding Antarctica, are expected to become undersaturated
(purple), making it difficult for organisms to make aragonite and causing aragonite already formed to dissolve.
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Foraminifer (Globigerina bulloides)

The outlook for coral reefs is even bleaker. For those pre-
cious ecosystems, ocean acidification is but one of many en-
vironmental stresses, an onslaught that includes greenhouse
warming, local pollution, overfishing and habitat destruction.
Many coral reefs are already in decline, and ocean acidifica-
tion may push some over the edge into nonexistence.

AS BAD AS CONDITIONS are expected to be for many ma-
rine organisms, there will be some winners, too. Right now
very little of the carbon in seawater takes the form of dis-
solved carbon dioxide, and this scarcity limits the growth of
some types of phytoplankton. Many of these species devote
precious energy to concentrate carbon dioxide inside their
cells, so one might guess that increases in dissolved carbon
dioxide will be beneficial to them. Perhaps that will be the
case. Not enough is known, however, about this “fertiliza-
tion” effect to make firm predictions for the future of phyto-
plankton or to say whether higher car-
bon dioxide levels will benefit the pho-
tosynthetic algae that live inside corals.
Many species of marine phytoplank-
ton use HCO3~! for photosynthesis.
And because the concentration of this
ion will remain largely unchanged, bi-
ologists do not expect that these or-
ganisms will experience a significant
boost. Some higher plants (sea grasses, for example) use dis-
solved carbon dioxide directly and probably will benefit from
its rising levels, just as plants on land are expected to gain as
the atmospheric concentration of this gas increases.

How can scientists better gauge the response of ocean eco-
systems to acidification? Most current efforts in this area in-
volve short-term laboratory experiments on single species.
Scientists have also mounted small-scale field studies to ex-
amine the acute effects that would accompany the deliberate
disposal of atmospheric carbon dioxide in the deep sea, one
of the various strategies being considered to sequester carbon
dioxide and keep it out of the air [see “Can We Bury Global
Warming?” by Robert H. Socolow; SCIENTIFIC AMERICAN,
July 2005]. Although this work is informative, the results do
not translate easily into an understanding of the consequenc-
es of long-term, chronic exposure to modestly lower pH. Nor
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Coccolithophorid (Emiliania huxleyi)

Pteropod (Limacina helicina)

is it straightforward to extrapolate from laboratory studies to
whole ecosystems, where many different organisms interact.

One possibility for gaining a more realistic assessment of
the problem would be to elevate carbon dioxide levels artifi-
cially for months to years in a patch of the ocean or on a
coral reef. Experiments involving the large-scale manipula-
tion of carbon dioxide levels are commonly carried out on
land, but marine scientists and engineers are just now begin-
ning to explore the logistics for extending this approach to the
ocean. Another tactic is to study how marine organisms fare
in regions that have long had lower pH, such as the Galdpagos
Islands, which are bathed in waters that are naturally rich in
carbon dioxide.

Yet a third strategy might be to examine the geologic rec-
ord of times when carbon dioxide concentrations reached
much higher levels than that of the present and when ocean
pH was presumably much lower—such as during an interval
of anomalously warm climate that took place some 55 million

Many coral reefs are already in decline,
and ocean acidification may push some over

the edge into nonexistence.

years ago (the Paleocene-Eocene Thermal Maximum), when
many marine organisms died off. The concern of many scien-
tists today is that the current episode of acidification is taking
place more rapidly than anything that has transpired in the
past, leaving oceanic species no time to adapt. Although the
effects may be hidden from people’s view, dramatic altera-
tions in the marine environment appear to be inevitable.

MORE TO EXPLORE

Anthropogenic Carbon and Ocean pH. Ken Caldeira and Michael E.
Wickettin Nature, Vol. 425, page 365; September 25, 2003.

Anthropogenic Ocean Acidification over the Twenty-First Century
and Its Impacton Calcifying Organisms. James C. Orretal.in Nature,
Vol. 437, pages 681-686; September 29, 2005.

Ocean Acidification Due to Increasing Atmospheric Carbon Dioxide.
Royal Society, 2005. Available at
www.royalsoc.ac.uk/displaypagedoc.asp?id=13314
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Cognitive

Radi

Smart radios and other new wireless devices will avoid

transmission bottlenecks by switching instantly
to nearby frequencies that they sense are clear

By Steven Ashley

Your favorite radio station

transmits on a specific frequency. When you set your receiv-
er to so many cycles per second, you tune the antenna circuit
to pluck that station’s frequency out of the ether. If other
transmitters interfere with your reception, your only real op-
tion is to wait out the problem. In the best of all worlds,
though, your receiver would respond by switching immedi-
ately to an open backup frequency that carries your station’s
broadcast. Such a solution is beyond today’s radio technol-
ogy, and perhaps that example makes the problem seem triv-
ial. But now imagine that interference is interrupting an ur-
gent, emergency cell-phone call. In that case, rapid transfer
of the call to a clear cell channel would be more than merely
convenient—it might save a life.

Engineers are now working to bring that kind of flexible
operating intelligence to future radios, cell phones and other
wireless communications devices. During the coming decade,
cognitive radio technology should enable nearly any wireless
system to locate and link to any locally available unused radio
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WIRELESS SIGNALS jump
automatically to an available,
open frequency in cognitive radio.
The result would be much more
reliable transmissions—and
maybe lower communications
costsinthe future.
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CAN YOU HEAR ME NOW?

the location or the transmission
conditions. Along the way to I
work, the CR senses the local

radio environment and chooses I
the best free wireless links to I
complete calls.

spectrum to best serve the consumer.
Employing adaptive software, these
smart devices could reconfigure their
communications functions to meet the
demands of the transmission network
or the user.

Cognitive radio technology will
know what to do based on prior experi-
ence. On the morning drive to work, for
instance, it would measure the propaga-
tion characteristics, signal strength and
transmission quality of the different
bands as it rides along with you [see box
above]. The cognitive radio unit would
thus build an internal database that de-
fines how it should best operate in dif-
ferent places and at specific times of day.

voice overthe Internet
(VoIP) and Web access

Opportunistic communications I 1 Near home, the CR Slightly farther away, the CR
connections using cognitive connectstothe 2 detects aneighbor’'s wireless

radio (CR) technology operating I owner’s home radio- local-area network (WLAN) offering
viathe wireless Web will keep | frequency network for “spectrum cash’—a barter deal for future
commuters in contact no matter

In contrast, the frequency bands and
transmission protocol parameters of
current wireless systems have been
mostly fixed.

As cognitive radios send and receive
signals, they will nimbly bound in and
out of free bands as required, avoiding
those that are already in use. This light-
ning-fast channel jumping should permit
cognitive radio systems to transmit voice
and data streams at reasonable speeds.
By making much more efficient use of ex-
isting radio-frequency (RF) resources to
work around spectrum-availability traf-
ficjams, wireless communications should
become far more dependable and conve-
nient and perhaps considerably cheaper

= Cognitive radio is an emerging smart wireless communications technology that
will be able to find and connect with any nearby open radio frequency to best
serve the user. Thus, a cognitive radio should be able to switch from a band of
the radio spectrum thatis blocked by interference to a free one to complete a
transmission link, a capability that is particularly important in an emergency.

= Adaptive software will enable these intelligent devices to reconfigure their
functions to meet the demands of communications networks or consumers as
needed. These alterations will be based on the ability to sense and remember
various factors such as the radio-frequency spectrum, user behavior, or
network state in different transmission environments at any one place and
time. As aresult, wireless communications should become far more

dependable and convenient.

= The new flexibility afforded by cognitive radio may also eventually enable
consumers to take advantage of cheaper wireless network paths available
locally to make calls, a feature that would do much to revolutionize the

communications business.
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accesstoopenbandwidth—to connect
toanInternetservice provider

3Alow-
capacity
I cellular-phone
I providerrents
30seconds of
I airtime tothe CR
I as the commuter
drives through
I thelocal area
I

than itis today. Indeed, if cognitive radio
technology progresses as its developers
hope, a glut of RF-spectrum options may
actually arise in time. The airwaves will
never be the same again.

No Room on the Air
UNFORTUNATELY, those airwaves
are all too crowded nowadays. Some
bands are so overloaded that long waits
and interference are the norm. The
availability of these transmission links
depends on the wireless systems in use.
The radio spectrum—the segment of the
electromagnetic continuum containing
waves in the radio-frequency range—ac-
commodates countless communications
devices today. In the U.S., the Federal
Communications Commission assigns
users to specific frequencies. These in-
clude the well-known AM, FM, short-
wave and citizens bands and VHF and
UHEF television channels, as well as hun-
dreds of less familiar bands that serve
cellular and cordless telephones, GPS
trackers, air traffic control radars, secu-
rity alarms, radio-controlled toys and
the like [see box on page 71].

The present shortage of radio spec-
trum results in large part from the cost
and performance limits of legacy hard-
ware established during the past century.
By the late 1950s, for instance, the hold-
over designs of vacuum-tube TV sets
forced new transistor-based models to
receive only VHF signals until engineers
could revamp the sets some years after-
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4

base in exchange for future use of
open police-frequency bandwidth,
adding city blocks of emergency
radio spectrum

The commuter’sCRrelaysa
callfromapolice force toits

-
=2

The CRrents a WLAN capacity froma
local utility for two minutes asit nears
I3
e power plant i I

6 As the commuterreaches the workplace, the CR
identifies several nearby WLANSs, switching to the
corporate WLAN forthe day’s business, to a cafe’s

wireless network at break time and then arestaurant’s
WLAN during after hours

ward. Such hardware-related inflexibil-
ity is now being addressed by adaptive,
software-based wireless designs.

This next-generation wireless tech-
nology, called software-defined radio
(SDR), uses both embedded signal-pro-
cessing algorithms to sift out weak ra-
dio signals and reconfigurable code
structures to receive and transmit new
radio protocols. Experts anticipate that
in the relatively near term this software-
driven advance will produce a seismic
shift in radio design.

The change means, for example, that
SDR code and other programmable ra-
dio-frequency front-end interface tech-
nologies running on a standard laptop
computer (fitted with a small RF periph-
eral component interconnect card)
could receive TV signals and display
them. If the laptop were then equipped
with an analog RF SDR card, it could
upload software programming that
would allow it to behave as a cellular
handset or base station, a wireless per-
sonal organizer or even a military-fre-
quency radio—whatever is required
(and permitted) for the task at hand. Al-
though few know it yet, the world has
just entered the era of SDR wireless
communications.

Cognitive radio is arriving on the
heels of SDR technology and building
on it. This new wireless paradigm in-
volves SDR systems that can reconfig-
ure their analog RF output and that in-
corporate “self-awareness” and knowl-
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edge of transmission protocols, etiquette
and procedures. These developments
will yield a cognitive radio able to sense
its RF environment and location and
then alter its power, frequency, modula-
tion and other operating parameters so
as to dynamically reuse whatever spec-
trum is available.

Self-awareness refers to the unit’s
ability to learn about itself and its rela-
tion to the radio networks it inhabits.
Engineers can implement these func-
tions through a computational model of
the device and its environment that de-
fines it as an individual entity (“Self”)
that operates as a “Radio”; the model
also defines a “User” about whom the
system can learn.

A cognitive radio will be able to au-
tonomously sense how its RF environ-
ment varies with position and time in
terms of the power that it and other
transmitters in the vicinity radiate.
These data structures and related soft-
ware will enable a cognitive radio de-
vice to discover and use surrounding
networks to the best advantage while
avoiding interference from other radios.
In the not too distant future, cognitive
radio technology will share the avail-
able spectrum optimally without in-
structions from a controlling network,
which could eventually liberate the user
from user contracts and fees.

The potential for cognitive radio
technology to redefine existing wireless
services becomes clear when one con-
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siders their economics. A monthly cell-
phone service bill, for instance, contains
charges for leasing radio spectrum, rent-
ing cell towers and purchasing the hand-
set, as well as the amortization of the
hardware at the cell base site, the cost of
interconnections among cell sites, bill-
ing expenses and network operator
profit. These fees pay for the invest-
ments that cellular service providers
make to create and operate dedicated
RF networks.

Such costs could drop dramatically,
and service quality could improve great-
ly, when cognitive radio is finally un-
leashed in the marketplace. Think about
the best advanced-technology cell phone
now being sold. More than one giga-
hertz (GHz) of useful but underutilized
radio spectrum is available to that hand-
set. At any instant, however, the device
employs at most 10 megahertz (MHz)—
a hundredth of what there is—and even
that is selected from only about 100
MH?z of fixed spectrum allocations that
the phone’s circuits can access.

Furthermore, a typical cell phone
incorporates several hundred million
instructions per second of processing
capacity that is largely dedicated to
unique cellular standards. The service
provider uploads these standards for its
own purposes, such as fixing bugs in the
software; they are not necessarily for
the customer’s immediate benefit. Case
in point: that capacity could be used to
securely upload third-party software
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SHUFFLING ACROSS the
spectrum, a cognitive
radiowill complete a
transmission despite
interference and other
obstacles, by jumping
between open frequencies
as they become available.

Radio frequencies

that would permit the phone to link to
a free wireless local-area network
(WLAN). At a technical conference on
mobile communications in 2004, a se-
nior executive at Motorola stated that
the WLAN-based telephone has been
technically feasible for years but that
cellular service providers do not want
such a device. And it is little wonder:
such a phone could automatically switch
to corporate WLANSs during the work-
day, depriving service providers of fees
for hours every day.

But the cognitive radio genie is out
of the bottle. SDR’s entrée to little-used
radio spectrum, together with the cog-
nitive radio’s autonomous control soft-
ware (acting to the consumer’s advan-
tage), frames a business path toward the
adoption of the technology.

Free Spectrum Abounds

EXCLUDING high-frequency and mi-
crowave bands greater than 6 GHz,
about 2.8 GHz of currently allocated ra-
dio spectrum between 28 and 5,600
MHz is underutilized but accessible to
cognitive radio. (That estimate derives
from the nominal sensitivity of receivers
and the gain levels of existing antennas. )
Meanwhile the bands for cellular phones
and wireless Internet services are often
oversubscribed. Myriad electronic wid-
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gets, from keyless automobile entry fobs
to garage-door openers to radio controls
for toys, use those bands for short-range
data communications; a gathering of us-
ers, such as a meeting of radio-con-
trolled model-airplane enthusiasts, can
swamp the allocated spectrum. Like-
wise, cellular bands that are typically
almost empty at 3:30 in the morning are
completely jammed at the peak calling
time of 10 A.M. or during the evening
homeward commute, particularly if
road traffic is heavy.

Above 6 GHz, humidity and precipi-
tation greedily absorb radio-frequency
signals; even in dry air, absorption peaks
near 20 and 60 GHz. Nevertheless, cer-
tain short-range data links (often catego-
rized as “campus” or military “up the
hill” links) now achieve megabit-per-sec-
ond transmission rates at frequencies
near 34 and 70 MHz. Rising computer
power has recently enabled wireless de-
vices operating in these upper bands to
offer gigabits per second of instanta-
neous bandwidth within very small ar-
eas, or “picocells,” of coverage. This
technology could be helpful to mobile us-
ers communicating between vehicles on
a highway, or among pedestrians, or in
fixed wireless systems inside buildings.

Jens Zander, an authority on radio
systems at the Royal Institute of Technol-

ogy in Stockholm, argues that there is no
shortage of radio spectrum, only a dearth
of affordable communications infra-
structure. Cellular-telephone towers, in-
terconnections to the public switched-
telephone network and billing systems,
and so on make up the substantial and
expensive underpinnings essential for
leased spectrum. Since the 1990s, as cell
phones shrank from the brick-size “bag
phone” to the Motorola StarTac and on
to today’s multifunction clamshell de-
vice, building and maintaining a dedi-
cated infrastructure was the only way to
proceed. In early 2005, however, Vanu,
Inc., demonstrated the first Global Sys-
tem for Mobile Communications (GSM)
SDR base station with an RF converter
that makes the radio signal processable
by essentially a high-performance laptop
without a keyboard or display. Only five
years before, the GSM transcoder and
rate adaptation unit alone needed its
own server rack and kilowatts of operat-
ing power. During that period, semicon-
ductor advances reduced the cost of a
base station for an affordable small cell
site, so that nowadays it could be a lap-
top or home computer.

Changes in the Air

THE ONGOING microelectronics and
computer technology revolution has
thus altered the fundamental limits of
radio hardware during the past decade,
cutting the costs of cellular infrastruc-
ture systems to less than 1 percent of
what they were. The impact of these
transformations on advanced wireless
technology and their markets is just
now being felt.

In earlier years analog TV (using spe-
cialized hardware and with 6 MHz band-
width) was the largest practical consumer
of the radio spectrum. At present, high-
definition digital TV delivers the equiva-
lent of nearly 100-megabit-per-second
transmission rates in the same 6 MHz
band. An Intel Pentium-powered laptop
can now generate pictures and sounds
using software and a digitized version of
the analog TV signal from an RF con-
verter unit. This converter changes the
carrier frequency of a radio signal from
RF at the antenna to some intermediate
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frequency that an analog-to-digital con-
version chip can transform into a soft-
ware-processable format. High-speed
analog-to-digital conversion chips can
thus exploit hundreds of megahertz of
RF spectrum simultaneously. Some such
chips are powered by microelectrome-
chanical system (MEMS) circuits—semi-
conductors thatincorporate micron-scale
mechanical devices—such as a digitally
reconfigurable analog RF capacitor. In
production quantities, MEMS-based RF
peripheral cards can access tens of mega-
hertz of radio spectrum anywhere be-
tween 30 and 5,600 MHz for about the
same price as a present-day cell phone.

MEMS-based RF devices have been
slow to enter the market because they
cost more than the less capable fixed-RF
chip sets. A landmark ruling by the FCC
in 2004 that favored the development of
cognitive radio, however, offers new in-
centives for manufacturers to adopt RF
MEMS products. The government agen-
cy recommended cognitive radio technol-
ogy for use in low-power ad hoc networks
in unused TV bands. This decision re-
leased more than 100 MHz for cognitive
radio in typical urban markets. The
emergence of RF MEMS and the FCC en-
dorsement combine to push for greater
spectrum sharing in days to come. Oper-
ating in the low and middle bands of the
radio spectrum, one or two RF MEMS
analog channels can create short-range
ad hoc networks in any band where li-
censed users agree to rent, share or oth-
erwise barter for radio spectrum.

An RF MEMS cognitive radio card
can therefore turn a cell phone into a
WLAN, a laptop into a cell phone or a
cordless telephone into a picocell “tow-
er.” From such a picocell, a home com-
puter fitted with a cognitive radio con-
trol system could rent airtime to pass-
ersby, billing for secure wireless voice or
data through the associated Internet
service provider.

Remaking the Wireless Web

IN TRADITIONAL cell-phone systems,
most of the intelligence for efficient op-
eration resides in the network. Although
newer cell technologies feature greater
processing capacity, they are really not
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that much smarter than their predeces-
sors. Customers still need a contract
with a service provider to obtain access
to the network and then to the public
switched-telephone network. Cognitive
radio technology, in contrast, embeds
the intelligence required to connect to
wireless networks in the radio handset,
laptop or wireless organizer. Because a
cognitive control subsystem governs the
SDR capabilities, a unit can detect RF-
networking opportunities wherever it
finds itself.

At present, 90 percent of new laptop
computers contain WLAN capabilities.
Home and business WLANs and related
hot spots are multiplying exponentially.
Cognitive radio will have the operation-
al intelligence to rent or borrow WLAN
and other RF spectrum quickly for sec-
onds or minutes at a time in exchange

for “spectrum cash,” a verifiable prom-
ise to loan the cognitive radio’s own pi-
cocell capabilities to another cognitive
radio in the future. From these wireless
Web access points, the Internet service
provider would then transfer the user’s
data or call to anyone, anywhere in the
world. One can see then that cognitive
radio does not need a dedicated cellular
network to connect a user via wireless
and the Internet to other devices. In ad-
dition, as the cognitive radio interac-
tions with the wireless Web expand, the
need for a long-term contract with a cel-
lular-service provider diminishes.

Spatial Radio Knowledge

WHEN A TYPICAL CONSUMER makes
use of a wireless network employing
current commercial electronics, the sys-
tem does its best to consume as much

ALL COMMUNICATIONS LINKS, ALL THE TIME

Fast, reliable battlefield communications—a key to victory in modern
warfare—could be guaranteed by cognitive radio technology. Whereas
different forces and weapons systems today operate radio systems that can
be incompatible, next-generation smart radio technology could help military
commanders stay apprised of the latest situation in (and above) the combat
zone with real-time voice, data and video links that reliably connect all
friendly forces, despite interference caused by the fog of war. Future military
radios could use cognitive radio technology to maintain these crucial

communications lifelines.

|||_._..u|.i,_...
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scarce spectrum as it can while simulta-
neously jamming other nearby radios.
Cognitive radio will be smart enough to
introduce etiquette—sensible transac-
tional practices—into RF-spectrum op-
erations. It will also intelligently detect
and interact with nearby picocells to
keep the cognitive radio user connected
by the means that best serve his or her
needs, which may differ among various
times and situations.

To accomplish these tasks, a cogni-
tive radio unit requires several things.
First, it must “know” how radiated RF
power at its location varies with distance
along the ground, among obstructions
and up in the air. Cell phones do not need
this information because the fixed net-
work employs dedicated radio spectrum
that has been previously calibrated for
existing radiated power patterns. Cogni-
tive radios instead sense the entire local
RF environment of low, medium and
high bands, mapping its features as a
function of space, time and frequency
propagation. The development of spec-
trum-sensing cognitive radio will require
the design of high-quality sensor devices
and practical algorithms for exchanging
spectrum-monitoring data between co-
operating communications nodes. Sys-
tems that feature multiple-input/multi-
ple-output capabilities will direct trans-
missions along complex multipath
components—thereby accounting for re-
flections of signals from objects such as
buildings and vehicles—and away from
other potentially interfering radios.

A fully functional cognitive radio sys-
tem will be smart enough to sense the
local RF “scene,” to choose the radio
band, mode and service it needs as well
as the SDR upload connections to the se-
lected band and mode. It will then direct
its transmission energy toward the in-
tended receiver while minimizing inter-
ference with other radios, including cog-
nitive ones. Thus, it will display a high
level of spectrum etiquette and connect
the user securely and privately.

The accuracy of such operations
could be improved by the development
of three-dimensional computer repre-
sentations of the full local cityscape
stored on gigabyte hard drives, which

www.sciam.com

would be accessed wirelessly as needed.
Predictions of received signal strength
based on these models would allow cog-
nitive radios to avoid most interference.
Having standardized broadcast chan-
nels over which cognitive radios experi-
encing interference could “complain”
without jamming others would com-
plete the radio etiquette cycle.

The ideal of cognitive radio etiquette
is complicated by the variation over
time of the aggregate interference pro-
duced by the environment, which in-
cludes that created by natural electrical
noise (from lightning), electrical power
generators, electric motors, automobile
ignition systems and radio transmitters.
The effects of these RF sources change
over time. At night, for example, few
elevators are active, so their electric
drive motors produce little noise, but
during rush hour that noise grows. The
total power radiated by all sources tends
to be greatest in urban centers at about
10 A.M., with less activity occurring in
rural settings and at night. Although the
statistical complexity of such aggregate
sources makes them difficult to predict,
cognitive radio will learn the patterns at
important locations (such as at the
workplace and home) for known users.

The Future of Smart Radio

AFTER ASCERTAINING the varying
energy patterns in each band, cognitive
radio devices will be able to use Seman-
tic Web technology [see “The Semantic
Web,” by Tim Berners-Lee, James Hen-
dler and Ora Lassila; SCIENTIFIC AMER-
ICAN, May 2001] to exchange this infor-
mation freely with others. It will help to
optimize each unit’s search for under-
used and rentable spectrum. Cognitive
radios can thereby avoid jamming other

users yet transmit with sufficient power
to overcome ambient interference and
cooperate creatively.

The decisions concerning the future
of cognitive radio technology are shap-
ing up as a battle between two giant
business sectors: the cell-phone and
telecommunications industry versus
“the Internet industry,” which includes
Microsoft, Intel, Google, Internet ser-
vice providers and consumer computer
firms. Although entrenched interests
may resist it, progress toward cognitive
radio seems likely because the relative
chaos and inflexibility of unregulated
radio bands (such as those now han-
dling instrumentation, scientific and
medical devices) could be avoided. Ulti-
mately, smart operator etiquette based
on cognitive radio technology will turn
gigahertz of underused spectrum into
wideband connectivity for many users.

If FCC regulators continue on the
current path, they will make huge single-
use swaths of spectrum hundreds of
megahertz wide available for shared use.
The long-touted scarcity of radio spec-
trum in the future may be replaced by a
surfeit of available frequencies. Rather
than a cell phone needing a minute to
upload a compressed megapixel-size im-
age, it might be able to handle 10 such
images a second.

Just as the emergence of cell-phone
technology has led to wide social and
business consequences, cognitive radio’s
adoption will induce similar changes as
advanced devices exploit the wireless
Web to displace now traditional cell
phones. The growth of cognitive radio
will take some time to occur, but the ef-
fect on all our lives will be significant.

Steven Ashley is a staff editor.
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Ideas on complexity and randomness originally
suggested by Gottfried W. Leibniz in 1686,
combined with modern information theory,
imply that there can never be a “theory of

everything” for all of mathematics

By Gregory Chaitin
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The Limits of Reason

n 1956 Scientific American published an article by Ernest Nagel and James R. Newman entitled
“Godel’s Proof.” Two years later the writers published a book with the same title—a wonderful
work that is still in print. I was a child, not even a teenager, and I was obsessed by this little book.
I remember the thrill of discovering it in the New York Public Library. I used to carry it around
with me and try to explain it to other children.

It fascinated me because Kurt Godel used mathematics to show that mathematics itself

has limitations. Godel refuted the position of David Hilbert, who about a century ago
declared that there was a theory of everything for math, a finite set of principles from

which one could mindlessly deduce all mathematical truths by tediously following

the rules of symbolic logic. But Godel demonstrated that mathematics contains
true statements that cannot be proved that way. His result is based on two self-
referential paradoxes: “This statement is false” and “This statement is un-
provable.” (For more on Godel’s incompleteness theorem, see www.sciam.

com/ontheweb)

My attempt to understand Godel’s proof took over my life, and

now half a century later I have published a little book of my own.

In some respects, it is my own version of Nagel and Newman’s

N book, but it does not focus on Godel’s proof. The only things
the two books have in common are their small size and

their goal of critiquing mathematical methods.

Unlike Godel’s approach, mine is based on mea-

suring information and showing that some math-

ematical facts cannot be compressed into a the-

N ory because they are too complicated. This
new approach suggests that what Godel

EXISTENCE OF OMEGA ())—a
specific, well-defined number
that cannot be calculated by
any computer program—
smashes hopesfora
complete, all-encompassing
mathematicsin which every
true factis true forareason.
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discovered was just the tip of the iceberg:
an infinite number of true mathematical
theorems exist that cannot be proved
from any finite system of axioms.

Complexity and

Scientific Laws

MY STORY BEGINS in 1686 with Gott-
fried W. Leibniz’s philosophical essay
Discours de métaphysique (Discourse
on Metaphysics), in which he discusses
how one can distinguish between facts
that can be described by some law and
those that are lawless, irregular facts.
Leibniz’s very simple and profound idea
appears in section VI of the Discours, in
which he essentially states that a theory
has to be simpler than the data it ex-
plains, otherwise it does not explain
anything. The concept of a law becomes
vacuous if arbitrarily high mathemati-
cal complexity is permitted, because
then one can always construct a law no
matter how random and patternless the
data really are. Conversely, if the only
law that describes some data is an ex-
tremely complicated one, then the data
are actually lawless.

Today the notions of complexity and
simplicity are put in precise quantitative
terms by a modern branch of mathemat-
ics called algorithmic information the-
ory. Ordinary information theory quan-
tifies information by asking how many
bits are needed to encode the informa-
tion. For example, it takes one bit to en-
code a single yes/no answer. Algorith-
mic information, in contrast, is defined
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by asking what size computer program
is necessary to generate the data. The
minimum number of bits—what size
string of zeros and ones—needed to
store the program is called the algorith-
mic information content of the data.
Thus, the infinite sequence of numbers
1,2, 3, ... has very little algorithmic in-
formation; a very short computer pro-
gram can generate all those numbers. It
does not matter how long the program
must take to do the computation or how
much memory it must use—just the

= Kurt Gédel demonstrated that mathematics is necessarily incomplete,
containing true statements that cannot be formally proved. Aremarkable
number known as omega reveals even greaterincompleteness by providing
aninfinite number of theorems that cannot be proved by any finite system of
axioms. A “theory of everything” for mathematics is therefore impossible.

= Omegais perfectly well defined [see box on opposite page] and has a definite
value, yetit cannot be computed by any finite computer program.

= Omega’s properties suggest that mathematicians should be more willing to
postulate new axioms, similar to the way that physicists must evaluate
experimental results and assert basic laws that cannot be proved logically.

= Theresults related to omega are grounded in the concept of algorithmic
information. Gottfried W. Leibniz anticipated many of the features of
algorithmic information theory more than 300 years ago.

length of the program in bits counts. (I
gloss over the question of what pro-
gramming language is used to write the
program—for a rigorous definition, the
language would have to be specified
precisely. Different programming lan-
guages would result in somewhat differ-
ent values of algorithmic information
content.)

To take another example, the num-
ber pi, 3.14159..., also has only a little
algorithmic information content, be-
cause a relatively short algorithm can be
programmed into a computer to com-
pute digit after digit. In contrast, a ran-
dom number with a mere million digits,
say 1.341285...64, has a much larger
amount of algorithmic information. Be-
cause the number lacks a defining pat-
tern, the shortest program for output-
ting it will be about as long as the num-
ber itself:

Begin
Print “1.341285...64”
End

(All the digits represented by the el-

lipsis are included in the program.) No
smaller program can calculate that se-
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quence of digits. In other words, such
digit streams are incompressible, they
have no redundancy; the best that one
can do is transmit them directly. They
are called irreducible or algorithmically
random.

How do such ideas relate to scien-
tific laws and facts? The basic insight
is a software view of science: a scien-
tific theory is like a computer program
that predicts our observations, the ex-
perimental data. Two fundamental
principles inform this viewpoint. First,
as William of Occam noted, given two
theories that explain the data, the sim-
pler theory is to be preferred (Occam’s
razor). That is, the smallest program
that calculates the observations is the
best theory. Second is Leibniz’s insight,
castin modern terms—if a theory is the
same size in bits as the data it explains,
then it is worthless, because even the
most random of data has a theory of
that size. A useful theory is a compres-
sion of the data; comprehension is
compression. You compress things into
computer programs, into concise algo-
rithmic descriptions. The simpler the
theory, the better you understand
something.

www.sciam.com

ALGORITHMIC INFORMATION
quantifies the size of a computer
program needed to produce a
specific output. The number pi has
little algorithmic information
content because a short program
can produce pi.Arandom number
has alot of algorithmic information;
the bestthatcanbedoneistoinput
the numberitself. The same is true
of the number omega.

Sufficient Reason

DESPITE LIVING 250 years before the
invention of the computer program,
Leibniz came very close to the modern
idea of algorithmic information. He had
all the key elements. He just never con-
nected them. He knew that everything
can be represented with binary infor-
mation, he built one of the first calculat-

ing machines, he appreciated the power
of computation, and he discussed com-
plexity and randomness.

If Leibniz had put all this together,
he might have questioned one of the key
pillars of his philosophy, namely, the
principle of sufficient reason—that ev-
erything happens for a reason. Further-
more, if something is true, it must be
true for a reason. That may be hard to
believe sometimes, in the confusion and
chaos of daily life, in the contingent ebb
and flow of human history. But even if
we cannot always see a reason (perhaps
because the chain of reasoning is long
and subtle), Leibniz asserted, God can
see the reason. It is there! In that, he
agreed with the ancient Greeks, who
originated the idea.

Mathematicians certainly believe in
reason and in Leibniz’s principle of suf-
ficient reason, because they always try
to prove everything. No matter how
much evidence there is for a theorem,
such as millions of demonstrated exam-
ples, mathematicians demand a proof of
the general case. Nothing less will sat-
isfy them.

And here is where the concept of al-
gorithmic information can make its sur-
prising contribution to the philosophi-
cal discussion of the origins and limits
of knowledge. It reveals that certain
mathematical facts are true for no rea-

How Omega Is Defined

To see how the value of the number omega is defined, look at a simplified example.
Suppose that the computer we are dealing with has only three programs that halt, and
they are the bit strings 110, 11100 and 11110. These programs are, respectively, 3, 5
and 5 bitsin size. If we are choosing programs at random by flipping a coin for each
bit, the probability of getting each of them by chance is precisely 122, ¥2° and 12°,
because each particular bit has probability ¥/2. So the value of omega (the halting
probability) for this particular computer is given by the equation:

omega = %23 + 125 + 125 = 001 +.00001 +.00001 =.00110

This binary number is the probability of getting one of the three halting programs by
chance. Thus, itis the probability that our computer will halt. Note that because
program 110 halts we do not consider any programs that start with 110 and are
larger than three bits—for example, we do not consider 1100 or 1101. That is, we do
not add terms of .0001 to the sum for each of those programs. We regard all the
longer programs, 1100 and so on, as being included in the halting of 110. Another
way of saying this is that the programs are self-delimiting; when they halt, they
stop asking for more bits. —G.C.
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PHYSICS AND MATHEMATICS are in many ways similar to the execution of a program on a computer.

son, a discovery that flies in the face of
the principle of sufficient reason.

Indeed, as I will show later, it turns
out that an infinite number of mathemat-
ical facts are irreducible, which means
no theory explains why they are true.
These facts are not just computationally
irreducible, they are logically irreducible.
The only way to “prove” such facts is to
assume them directly as new axioms,
without using reasoning at all.

The concept of an “axiom” is closely
related to the idea of logical irreducibil-
ity. Axioms are mathematical facts that
we take as self-evident and do not try to
prove from simpler principles. All for-
mal mathematical theories start with
axioms and then deduce the consequenc-
es of these axioms, which are called the-
orems. That is how Euclid did things in
Alexandria two millennia ago, and his
treatise on geometry is the classical
model for mathematical exposition.

In ancient Greece, if you wanted to
convince your fellow citizens to vote
with you on some issue, you had to rea-
son with them—which I guess is how
the Greeks came up with the idea that
in mathematics you have to prove things
rather than just discover them experi-
mentally. In contrast, previous cultures
in Mesopotamia and Egypt apparently
relied on experiment. Using reason has
certainly been an extremely fruitful ap-
proach, leading to modern mathematics
and mathematical physics and all that

goes with them, including the technol-
ogy for building that highly logical and
mathematical machine, the computer.

So am [ saying that this approach
that science and mathematics has been
following for more than two millennia
crashes and burns? Yes, in a sense I am.
My counterexample illustrating the lim-
ited power of logic and reason, my
source of an infinite stream of unprov-
able mathematical facts, is the number
that I call omega.

The Number Omega

THE FIRST STEP on the road to ome-
ga came in a famous paper published
precisely 250 years after Leibniz’s essay.
In a 1936 issue of the Proceedings of the
London Mathematical Society, Alan M.
Turing began the computer age by pre-
senting a mathematical model of a sim-
ple, general-purpose, programmable
digital computer. He then asked, Can
we determine whether or not a comput-
er program will ever halt? This is Tur-
ing’s famous halting problem.

Of course, by running a program
you can eventually discover that it halts,
if it halts. The problem, and it is an ex-
tremely fundamental one, is to decide
when to give up on a program that does
not halt. A great many special cases can
be solved, but Turing showed that a gen-
eral solution is impossible. No algo-
rithm, no mathematical theory, can ever
tell us which programs will halt and
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which will not. (For a modern proof of
Turing’s thesis, see www.sciam.com/
ontheweb) By the way, when I say “pro-
gram,” in modern terms [ mean the con-
catenation of the computer program and
the data to be read in by the program.

The next step on the path to the
number omega is to consider the ensem-
ble of all possible programs. Does a pro-
gram chosen at random ever halt? The
probability of having that happen is my
omega number. First, I must specify
how to pick a program at random. A
program is simply a series of bits, so flip
a coin to determine the value of each bit.
How many bits long should the pro-
gram be? Keep flipping the coin so long
as the computer is asking for another bit
of input. Omega is just the probability
that the machine will eventually come
to a halt when supplied with a stream of
random bits in this fashion. (The precise
numerical value of omega depends on
the choice of computer programming
language, but omega’s surprising prop-
erties are not affected by this choice.
And once you have chosen a language,
omega has a definite value, just like pi or
the number 3.)

Being a probability, omega has to be
greater than 0 and less than 1, because
some programs halt and some do not.
Imagine writing omega out in binary.
You would get something like
0.1110100.... These bits after the deci-
mal point form an irreducible stream of
bits. They are our irreducible mathe-
matical facts (each fact being whether
the bitisaOora1).

Omega can be defined as an infinite
sum, and each N-bit program that halts
contributes precisely 2N to the sum [see
box on preceding page]. In other words,
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each N-bit program that halts adds a 1
to the Nth bit in the binary expansion
of omega. Add up all the bits for all pro-
grams that halt, and you would get the
precise value of omega. This description
may make it sound like you can calcu-
late omega accurately, just as if it were
the square root of 2 or the number pi.
Not so—omega is perfectly well defined
and it is a specific number, but it is im-
possible to compute in its entirety.

We can be sure that omega cannot
be computed because knowing omega
would let us solve Turing’s halting prob-
lem, but we know that this problem is
unsolvable. More specifically, knowing
the first N bits of omega would enable
you to decide whether or not each pro-
gram up to N bits in size ever halts [see
box on page 80]. From this it follows
that you need at least an N-bit program
to calculate N bits of omega.

Note that I am not saying that it is
impossible to compute some digits of
omega. For example, if we knew that
computer programs 0, 10 and 110 all
halt, then we would know that the first
digits of omega were 0.111. The point is
that the first N digits of omega cannot
be computed using a program signifi-
cantly shorter than N bits long.

Most important, omega supplies us
with an infinite number of these irre-
ducible bits. Given any finite program,

no matter how many billions of bits
long, we have an infinite number of bits
that the program cannot compute. Giv-
en any finite set of axioms, we have an
infinite number of truths that are un-
provable in that system.

Because omega is irreducible, we
can immediately conclude that a theory
of everything for all of mathematics
cannot exist. An infinite number of bits
of omega constitute mathematical facts
(whether each bitis a 0 or a 1) that can-
not be derived from any principles sim-
pler than the string of bits itself. Math-
ematics therefore has infinite complex-
ity, whereas any individual theory of
everything would have only finite com-
plexity and could not capture all the
richness of the full world of mathemati-
cal truth.

This conclusion does not mean that
proofs are no good, and I am certainly
not against reason. Just because some
things are irreducible does not mean we
should give up using reasoning. Irreduc-
ible principles—axioms—have always
been a part of mathematics. Omega just
shows that a lot more of them are out
there than people suspected.

So perhaps mathematicians should
not try to prove everything. Sometimes
they should just add new axioms. That
is what you have got to do if you are
faced with irreducible facts. The prob-
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ASCIENTIFIC THEORY is like acomputer program
that predicts our observations of the universe.
Auseful theoryis acompression of the data; from
asmallnumber of laws and equations, whole
universes of data can be computed.
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GOTTFRIED W. LEIBNIZ, commemorated by
astatuein Leipzig, Germany, anticipated many
of the features of modern algorithmic
information theory more than 300 years ago.

lem is realizing that they are irreducible!
In a way, saying something is irreduc-
ible is giving up, saying that it cannot
ever be proved. Mathematicians would
rather die than do that, in sharp con-
trast with their physicist colleagues,
who are happy to be pragmatic and to
use plausible reasoning instead of rigor-
ous proof. Physicists are willing to add
new principles, new scientific laws, to
understand new domains of experience.
This raises what I think is an extremely
interesting question: Is mathematics
like physics?

Mathematics and Physics
THE TRADITIONAL VIEW is that
mathematics and physics are quite dif-
ferent. Physics describes the universe
and depends on experiment and obser-
vation. The particular laws that govern
our universe—whether Newton’s laws
of motion or the Standard Model of
particle physics—must be determined
empirically and then asserted like axi-
oms that cannot be logically proved,
merely verified.

Mathematics, in contrast, is some-
how independent of the universe. Re-
sults and theorems, such as the proper-
ties of the integers and real numbers, do
not depend in any way on the particular
nature of reality in which we find our-
selves. Mathematical truths would be
true in any universe.
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Yet both fields are similar. In physics,
and indeed in science generally, scien-
tists compress their experimental obser-
vations into scientific laws. They then
show how their observations can be de-
duced from these laws. In mathematics,
too, something like this happens—
mathematicians compress their compu-
tational experiments into mathematical
axioms, and they then show how to de-
duce theorems from these axioms.

If Hilbert had been right, mathemat-
ics would be a closed system, without
room for new ideas. There would be a
static, closed theory of everything for
all of mathematics, and this would be
like a dictatorship. In fact, for mathe-
matics to progress you actually need
new ideas and plenty of room for cre-
ativity. It does not suffice to grind away,
mechanically deducing all the possible
consequences of a fixed number of basic
principles. I much prefer an open sys-
tem. I do not like rigid, authoritarian
ways of thinking.

Another person who thought math-

ematics is like physics was Imre Laka-
tos, who left Hungary in 1956 and later
worked on philosophy of science in Eng-
land. There Lakatos came up with a
great word, “quasi-empirical,” which
means that even though there are no
true experiments that can be carried out
in mathematics, something similar does
take place. For example, the Goldbach
conjecture states that any even number
greater than 2 can be expressed as the
sum of two prime numbers. This con-
jecture was arrived at experimentally,
by noting empirically that it was true for
every even number that anyone cared to
examine. The conjecture has not yet
been proved, but it has been verified up
to 1014,

I think that mathematics is quasi-
empirical. In other words, I feel that
mathematics is different from physics
(which is truly empirical) but perhaps
not as different as most people think.

I have lived in the worlds of both
mathematics and physics, and I never
thought there was such a big difference

Why Is Omega Incompressible?

between these two fields. It is a matter
of degree, of emphasis, not an absolute
difference. After all, mathematics and
physics coevolved. Mathematicians
should not isolate themselves. They
should not cut themselves off from rich
sources of new ideas.

New Mathematical Axioms
THE IDEA OF CHOOSING to add
more axioms is not an alien one to
mathematics. A well-known example is
the parallel postulate in Euclidean ge-
ometry: given a line and a point not on
the line, there is exactly one line that
can be drawn through the point that
never intersects the original line. For
centuries geometers wondered whether
that result could be proved using the
rest of Euclid’s axioms. It could not. Fi-
nally, mathematicians realized that they
could substitute different axioms in
place of the Euclidean version, thereby
producing the non-Euclidean geome-
tries of curved spaces, such as the sur-
face of a sphere or of a saddle.

I wish to demonstrate that omega is incompressible—that one
cannot use a program substantially shorter than N bits long to
compute the first N bits of omega. The demonstration will
involve a careful combination of facts about omega and the
Turing halting problem that it is so intimately related to.
Specifically, | will use the fact that the halting problem for
programs up to length N bits cannot be solved by a program that
isitself shorter than N bits (see www.sciam.com/ontheweb).

My strategy for demonstrating that omega is
incompressible is to show that having the first N bits of omega
would tell me how to solve the Turing halting problem for
programs up to length N bits. It follows from that conclusion
that no program shorter than N bits can compute the first N bits
of omega. (If such a program existed, | could use it to compute
the first N bits of omega and then use those bits to solve
Turing’s problem up to N bits—a task that is impossible for such
ashort program.)

Now let us see how knowing N bits of omega would enable
me to solve the halting problem—to determine which programs
halt—for all programs up to N bits in size. Do this by performing
acomputation in stages. Use the integer K to label which stage
weareat:K=1,2,3,...

At stage K, run every program up to K bitsin size for K
seconds. Then compute a halting probability, which we will call
omegag, based on all the programs that halt by stage K.

80 SCIENTIFIC AMERICAN

Omegak will be less than omega because itis based on only
asubset of all the programs that halt eventually, whereas
omega is based on all such programs.

AsKincreases, the value of omegak will get closer and
closertothe actual value of omega. As it gets closer to omega’s
actual value, more and more of omega’s first bits will be
correct—thatis, the same as the corresponding bits of omega.

And as soon as the first N bits are correct, you know that you
have encountered every program up to N bits in size that will
ever halt. (If there were another such N-bit program, at some
later-stage K that program would halt, which would increase the
value of omegag to be greater than omega, which is impossible.)

So we can use the first N bits of omega to solve the halting
problem for all programs up to N bits in size. Now suppose we
could compute the first N bits of omega with a program
substantially shorter than N bits long. We could then combine
that program with the one for carrying out the omegag
algorithm, to produce a program shorter than N bits that solves
the Turing halting problem up to programs of length N bits.

But, as stated up front, we know that no such program
exists. Consequently, the first N bits of omega must require
aprogram thatis almost N bits long to compute them. Thatis
good enough to call omega incompressible orirreducible.

(A compression from N bits to almost N bits is not significant for
large N.) —6.C.
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OMEGA represents a part of mathematics
thatisin asense unknowable.Afinite
computer program can reveal only a finite
number of omega’s digits; the rest remain
shrouded in obscurity.

Other examples are the law of the
excluded middle in logic and the axiom
of choice in set theory. Most mathemati-
cians are happy to make use of those
axioms in their proofs, although others
do not, exploring instead so-called intu-
itionist logic or constructivist mathe-
matics. Mathematics is not a single
monolithic structure of absolute truth!

Another very interesting axiom may
be the “P not equal to NP> conjecture.
P and NP are names for classes of prob-
lems. An NP problem is one for which
a proposed solution can be verified
quickly. For example, for the problem

“find the factors of 8,633,” one can

quickly verify the proposed solution
“97 and 89” by multiplying those two
numbers. (There is a technical defini-
tion of “quickly,” but those details are
not important here.) A P problem is one
that can be solved quickly even without
being given the solution. The question
is—and no one knows the answer—can
every NP problem be solved quickly?
(Is there a quick way to find the factors
of 8,633?) That is, is the class P the
same as the class NP? This problem is
one of the Clay Millennium Prize Prob-
lems for which a reward of $1 million
is on offer.

Computer scientists widely believe
that P is not equal to NP, but no proof is
known. One could say that a lot of quasi-
empirical evidence points to P not being
equal to NP. Should P not equal to NP
be adopted as an axiom, then? In effect,
this is what the computer science com-
munity has done. Closely related to this
issue is the security of certain crypto-
graphic systems used throughout the
world. The systems are believed to be
invulnerable to being cracked, but no
one can prove it.

Experimental Mathematics

ANOTHER AREA of similarity between
mathematics and physics is experimen-
tal mathematics: the discovery of new
mathematical results by looking at

www.sciam.com

many examples using a computer.
Whereas this approach is not as persua-
sive as a short proof, it can be more con-
vincing than a long and extremely com-
plicated proof, and for some purposes it
is quite sufficient.

In the past, this approach was de-
fended with great vigor by both George
Pélya and Lakatos, believers in heuristic
reasoning and in the quasi-empirical
nature of mathematics. This methodol-
ogy is also practiced and justified in Ste-
phen Wolfram’s A New Kind of Science
(2002).

Extensive computer calculations can
be extremely persuasive, but do they
render proof unnecessary? Yes and no.

In fact, they provide a different kind of
evidence. In important situations, I
would argue that both kinds of evidence
are required, as proofs may be flawed,
and conversely computer searches may
have the bad luck to stop just before en-
countering a counterexample that dis-
proves the conjectured result.

All these issues are intriguing but far
from resolved. It is now 2006, 50 years
after this magazine published its article
on Godel’s proof, and we still do not
know how serious incompleteness is. We
do not know if incompleteness is telling
us that mathematics should be done
somewhat differently. Maybe 50 years
from now we will know the answer.

MORE TO EXPLORE

Forachapteron Leibniz, see Men of Mathematics. E. T. Bell. Reissue. Touchstone, 1986.

For more on a quasi-empirical view of math, see New Directions in the Philosophy of
Mathematics. Edited by Thomas Tymoczko. Princeton University Press, 1998.

Godel’s Proof. Revised edition. E. Nagel, J. R. Newman and D. R. Hofstadter. New York University

Press, 2002.

Mathematics by Experiment: Plausible Reasoningin the 21st Century. J. Borwein and

D. Bailey. A. K. Peters, 2004.

For Godel as a philosopher and the Gédel-Leibniz connection, see Incompleteness: The Proof
and Paradox of Kurt Godel. Rebecca Goldstein. W.W. Norton, 2005.

Meta Math!: The Quest for Omega. Gregory Chaitin. Pantheon Books, 2005.

Short biographies of mathematicians can be found at
www-history.mcs.st-andrews.ac.uk/Biogindex.html

Gregory Chaitin’s home page iswww.umcs.maine.edu/~chaitin/
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POLLUTION CONTROL: Catalysts called
TAMLs (green) work with hydrogen peroxide
(blue) to break down chlorophenols (brown),
which contaminate the wastewater from

many industrial sources.




Chemists have invented a new class of catalysts that can destroy

some of the worst pollutants before they get into the environment
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he fish that live in the Anacostia
River, which flows through the
heart of Washington, D.C., are not
enjoying its waters very much. The Ana-
costia is contaminated with the molecu-
lar remnants of dyes, plastics, asphalt
and pesticides. Recent tests have shown
that up to 68 percent of the river’s brown
bullhead catfish suffer from liver cancer.
Wildlife officials recommend that any-
one who catches the river’s fish toss them
back uneaten, and swimming has been
banned.
The Anacostia is just one of dozens
of severely polluted rivers in the U.S. The
textile industry alone discharges 53 bil-

Gl‘een ChemiStry canlessen some of the

environmental damage caused by traditional chemistry.

lion gallons of wastewater—loaded with
reactive dyes and other hazardous chem-
icals—into America’s rivers and streams
every year. New classes of pollutants
are turning up in the nation’s drinking
water: traces of drugs, pesticides, cos-
metics and even birth-control hormones
[see illustration on opposite page]. The
amounts are often infinitesimal, mea-
sured in parts per billion or trillion (a
part per billion is roughly equivalent to
one grain of salt dissolved in a swimming
pool), but scientists suspect that even
tiny quantities of some pollutants can
disrupt the developmental biochemistry
that determines human behavior, intel-
ligence, immunity and reproduction.
Fortunately, help is on the way. Over
the past decade researchers in the emerg-
ing field of green chemistry have begun
to design the hazards out of chemical

products and processes. These scientists
have formulated safer substitutes for
harmful paints and plastics and devised
new manufacturing techniques that re-
duce the introduction of pollutants into
the environment. As outlined by the
Green Chemistry Institute of the Ameri-
can Chemical Society, the first principle
of this community is: “Itis better to pre-
vent waste than to treat or clean up
waste after it has been created.” As part
of this effort, however, researchers have
also made discoveries that promise cost-
effective methods for purging many per-
sistent pollutants from wastewater.

In one example of this work, investi-

gators at Carnegie Mellon University’s
Institute for Green Oxidation Chemistry
(one of us, Collins, is the institute’s direc-
tor) have developed a group of designer
catalyst molecules called TAML—tetra-
amido macrocyclic ligand—activators
that work with hydrogen peroxide and
other oxidants to break down a wide va-
riety of stubborn pollutants. TAMLs ac-
complish this task by mimicking the en-
zymes in our bodies that have evolved
over time to combat toxic compounds. In
laboratory and real-world trials, TAMLs
have proved they can destroy dangerous
pesticides, dyes and other contaminants,
greatly decrease the smells and color
from the wastewater discharged by pa-
per mills, and kill bacterial spores simi-
lar to those of the deadly anthrax strain.
If broadly adopted, TAMLs could save
millions of dollars in cleanup costs.
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Moreover, this research demonstrates
that green chemistry can lessen some of
the environmental damage caused by
traditional chemistry.

The Need to Be Green
A FUNDAMENTAL CAUSE of our es-
calating environmental plight is that
people perform chemistry in different
ways than Mother Nature does. For eons,
biochemical processes have evolved by
drawing primarily on elements that are
abundant and close at hand—such as
carbon, hydrogen, oxygen, nitrogen, sul-
fur, calcium and iron—to create every-
thing from paramecia to redwoods,
clown fish to humans.
Our industries, in con-
trast, gather elements
from nearly every cor-
ner of the planet and
distribute them in
ways natural processes never could. Lead,
for example, used to be found mostly in
deposits so isolated and remote that na-
ture never folded it into living organisms.
But now lead is everywhere, primarily
because our paints, cars and computers
have spread it around. When it finds its
way into children, even at minuscule dos-
es, it is severely toxic. The same can be
said for arsenic, cadmium, mercury, ura-
nium and plutonium. These elements are
persistent pollutants—they do not de-
grade in animal bodies or in the sur-
rounding environment—so there is a
pressing need to find safer alternatives.
Some of the new synthetic molecules
in medicines, plastics and pesticides are
so different from the products of natural
chemistry that it is as though they
dropped in from an alien world. Many
of these molecules do not degrade easily,
and even some biodegradable com-
pounds have become omnipresent be-
cause we use them so copiously. Recent
research indicates that some of these
substances can interfere with the normal
expression of genes involved in the de-
velopment of the male reproductive sys-
tem. Scientists have known for several
years that prenatal exposure to phthal-
ates, compounds used in plastics and
beauty products, can alter the reproduc-
tive tract of newborn male rodents; in
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Dyes

FARM
Herbicides,
insecticides,
animal waste
and medicines

SEWER
Dyes,
cosmetics,
drugs

2005 Shanna H. Swan of the University
of Rochester School of Medicine and
Dentistry reported similar effects in
male infants. Another study headed by
Swan found that men with low sperm
counts living in a rural farming area of
Missouri had elevated levels of herbi-
cides (such as alachlor and atrazine) in
their urine. Starting from our factories,
farms and sewers, persistent pollutants
can journey intact by air, water and up
the food chain, often right back to us.
To confront this challenge, green
chemists at universities and companies
are investigating the feasibility of replac-
ing some of the most toxic products and
manufacturing processes with more en-
vironment-friendly alternatives [see box
on page 88]. The work of Collins’s team
at Carnegie Mellon traces its origins
back to the 1980s, when public health
concerns about chlorine were intensify-
ing. Chlorine was then, and still is, often
used for large-scale cleaning and disin-
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WATER POLLUTION comes from many sources, but the newly invented TAML catalysts may be
able to destroy some of the worst contaminants before they enter rivers and lakes. For
example, applying TAMLs to the wastewater from textile and pulp mills could break down dyes,

PULP MILL
Colored lignin fragments,
organochlorines

organochlorines and other hazardous chemicals. TAMLs could also be used to treat the runoff from

fection in manufacturing, as well as for
the treatment of drinking water. Al-
though chlorine treatment is inexpensive
and effective, it can create some ugly pol-
lutants. The bleaching of wood pulp with
elemental chlorine in paper mills had
been a major source of cancer-causing
dioxins until the Environmental Protec-
tion Agency banned the process in 2001.
(Most mills now bleach wood pulp with
chlorine dioxide, which reduces the pro-
duction of dioxins but does not eliminate
it.) By-products created by the chlorina-
tion of drinking water have also been
linked to certain cancers. Chlorine in its
common natural form—chloride ions or
salts dissolved in water—is not toxic, but
when elemental chlorine reacts with oth-
er molecules it can generate compounds
that can warp the biochemistry of living
animals. Dioxins, for instance, disrupt
cellular development by interfering with
a receptor system that regulates the pro-
duction of critical proteins.
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agricultural waste lagoons as well as residential sewage, which contains dyes from washing
machines and traces of harmful pharmaceuticals that are excreted in human urine.

Rather than relying on chlorine, we
wondered if we could put nature’s own
cleansing agents—hydrogen peroxide
and oxygen—to the work of purifying
water and reducing industrial waste.
These cleansers can safely and power-
fully obliterate many pollutants, but in
nature the process usually requires an
enzyme—a biochemical catalyst that
vastly increases the rate of the reaction.
Whether natural or man-made, catalysts
act as old-fashioned matchmakers, ex-
cept that rather than bringing two peo-
ple together they unite specific mole-
cules, enabling and accelerating the
chemistry among them. Some natural
catalysts can boost chemical reaction
rates a billionfold. If not for an enzyme
called ptyalin, found in our saliva, it
would take several weeks for our bodies
to break down pasta into its constituent
sugars. Without enzymes, biochemistry
would move at a numbingly slow pace,
and life as we know it would not exist.
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In nature, enzymes called peroxidas-
es catalyze reactions involving hydrogen
peroxide, the familiar household chemi-
cal used to bleach hair and remove car-
pet stains. In forests, fungi on rotting
trees use peroxidases to marshal hydro-
gen peroxide to break down the lignin
polymers in the wood, splitting the large
molecules into smaller ones that the fun-
gi can eat. Another family of enzymes,
the cytochrome p450s, catalyzes reac-
tions involving oxygen (also called oxi-

Whether natural or man-made, catalysts act as

old-fashioned matchmakers.

dation reactions). Cytochrome p450s in
our livers, for example, use oxygen to
efficiently destroy many toxic molecules
we inhale or ingest.

For decades, chemists have been
struggling to build small synthetic mol-
ecules that could emulate these enor-
mous enzymes. If scientists could create
designer molecules with such strong cat-
alytic abilities, they could replace the
chlorine- and metal-based oxidation
technologies that produce so many pol-
lutants. In the early 1980s, however, no
one was having much luck developing
test-tube versions of the enzymes. Over
billions of years of evolution, nature had
choreographed some wonderfully ele-
gant and extremely complex catalytic
dances, making our efforts in the labo-
ratory look clunky. Yet we knew that we
could not achieve our goal of reducing
pollution unless we found a way to mim-
ic this molecular dance.

Catalytic Converters

CREATING SYNTHETIC enzymes also
meant assembling molecules that would
be robust enough to resist the destructive
reactions they were catalyzing. Any
chemistry involving oxygen can be de-

structive because the bonds it makes
with other elements (especially hydrogen)
are so strong. And because each mole-
cule of hydrogen peroxide (H2O3) is half-
way between water (H,0) and molecu-
lar oxygen (O3), this compound is also
strongly oxidizing. In water, hydrogen
peroxide often produces a kind of liquid
fire that demolishes the organic (carbon-
containing) molecules around it. A les-
son from the enzymes was that a work-
ing catalyst would probably need to have

an iron atom placed inside a molecular
matrix of organic groups. So we had to
toughen the molecular architecture of
such groups to ensure they could survive
the liquid fire that would result from the
activation of hydrogen peroxide.
Borrowing further from nature’s de-
sign, we eventually solved this problem
by creating a catalyst in which four ni-
trogen atoms are placed in a square with
a single iron atom anchored in the mid-
dle [see box on opposite page]. The ni-
trogen atoms are connected to the much
larger iron atom by covalent bonds,
meaning that they share pairs of elec-
trons; in this kind of structure, the
smaller atoms and attached groups sur-
rounding the central metal atom are
called ligands. Next we linked the li-
gands to form a big outer ring called a
macrocycle. Over time we learned how
to make the ligands and linking systems
tough enough to endure the violent reac-
tions that the TAMLs trigger. In effect,
the ligands we invented became a kind
of firewall that resisted the liquid fire.
The longer it resisted, the more useful
the catalyst. Of course, we did not want
to create an indestructible catalyst,
which could end up in effluent streams
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and perhaps produce a pollution prob-
lem of its own. All our existing Fe-TAML
catalysts (TAMLs with iron as the cen-
tral metal atom) decompose on time-
scales ranging from minutes to hours.

Building the ligand firewalls was not
easy. It required developing a painstak-
ing four-step design process in which we
first imagined and then synthesized li-
gand constructions that we hoped would
keep the firewall in place. Second, we
subjected the catalyst to oxidative stress
until the firewall dis-
integrated. Third, we
looked for the precise
location where the
breakdown began.
(We found that ligand degradations al-
ways start at the most vulnerable site.)
And in the final step, once we had pin-
pointed the weakest link, we replaced it
with groups of atoms we believed would
hold up longer. Then we started the
whole design cycle again.

After 15 years, we finally created our
first working TAML. We knew we had
succeeded one morning when Colin
Horwitz, a research professor at our in-
stitute, showed off the results of a
bleaching experiment that featured our
most advanced design at the time. We
looked at the results, and there it was:
every time Horwitz squirted dark dye
into a solution containing the TAML
catalyst and hydrogen peroxide, the so-
lution quickly turned colorless. We now
knew that our firewalls were finally
holding up long enough to allow the
TAML:s to do their job. The molecules
were acting like enzymes, and yet they
were much, much smaller: the molecular
weight of a TAML is about 500 daltons
(a dalton is equal to one twelfth the mass
of carbon 12, the most abundant isotope
of carbon), whereas the weight of horse-
radish peroxidase, a relatively small en-
zyme, is about 40,000 daltons. The di-
minutive TAML activators are easier
and cheaper to make, and much more
versatile in their reactivity, than their
natural counterparts.

Since then, we have evolved more
than 20 different TAML activators by
reapplying the same four-step design
process that enabled us to create the first
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AMOLECULAR CLEANING MACHINE

Chemists designed TAMLs to emulate the natural enzymes that catalyze reactions involving hydrogen peroxide. TAMLs, though,
are hundreds of times smaller than enzymes, so they are easier and cheaper to manufacture.

TAML
Atthe centerof eachTAML s KEY
aniron atom bonded to four
nitrogen atoms; at the edge . Iron
arecarbonringslinkedtoform .
abigouterringcalleda @ Nitrogen
macrocycle. This linking .- Oxygen

@ Carbon
. Chlorine

system acts as afirewall,
enabling the molecule to
o

endure the violent reactions it

triggers. Inits solid state the » . ® Hydrogen
TAML also has one water :
molecule (H20) attached to -
theiron atom. (The attached — -
groups are called ligands.) g
\—4 )
Macrocycle
a Water b Pgroxide
Iigand Ilgand
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Another
expelled water
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Expelled water
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When a TAML dissolves in water, another molecule of H;0 connectsto  hydrogen atoms and one oxygen atom in the form of a water

the catalyst (a). If hydrogen peroxide (H;0;) is alsoin the solution,it ~ molecule, leaving one oxygen atom attached to the iron (c). The
canreplace one of the water ligands, which are loosely attached and oxygen pulls electrons farther away from the iron atom, turning the
easily expelled (b). The peroxide ligand then discards both its TAMLinto areactive intermediate.

Carbon
dioxide
Pentachlorophenol

Chloride
. ions

When in solution with molecules of pentachlorophenol—a toxic chemical used in
wood treatment—TAMLs and hydrogen peroxide break down the pollutant to
nontoxic compounds and ions. The strong positive charge of the iron atom in the
reactive intermediate enables the molecule to destroy pollutants, although
scientists have notyetdetermined the details of the process.

Oxalic acid
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CHEMISTRY GOES GREEN

Using plant sugars to create polylactic acids
(PLAs), a family of biodegradable polymers
that could replace many traditional petroleum-
derived plastics

Developing metathesis chemistry, a method of
organic synthesis that can produce drugs,
plastics and other chemicals more efficiently

and with less waste

Inventing a new method for producing
sertraline, the key ingredient in the
antidepressant Zoloft

The invention of TAML catalysts is just one of the many achievements of green chemistry, which strives to develop products and
processes thatreduce or eliminate the use and generation of hazardous substances. Some other accomplishments are listed below.

NatureWorks has built a el

Patrick Gruber, Randy L. Howard,

Jeffrey J. Kolstad, Chris M.
Ryan and Richard C. Bopp,
NatureWorks LLC

(a subsidiary of Cargill)

Robert H. Grubbs, California
Institute of Technology;
Richard R. Schrock,
Massachusetts Institute of
Technology; Yves Chauvin,
French Petroleum Institute

factoryin Nebraskato
manufacture PLA pellets,
which are used to make
water bottles, packaging
materials and other
products

Widely appliedin the
chemical, biotechnology
and food industries,
thisresearch was awarded
the 2005 Nobel Prize

in Chemistry

James Spavins, Geraldine Taber, | The process has reduced pollution, energy and water use

Juan Colberg and David
Pfisterer, Pfizer

while improving worker safety and product yield

working model. Each TAML has its own
reaction rate and lifetime, allowing us to
tailor the catalysts to match the tasks we
want them to perform. Most of the cata-
lysts incorporate elements such as car-
bon, hydrogen, oxygen, nitrogen and
iron, all chosen for their low toxicity.
We call some of the molecules “hunter
TAMLs” because they are designed to
seek out and lock onto specific pollut-
ants or pathogens, in much the same
way that a magnetized mine seeks out
the metal hull of a ship. Other TAMLs
act as blowtorches that aggressively
burn most of the oxidizable chemicals
with which they come into contact. Still
others are less aggressive and more selec-
tive, so that they will, for example, at-
tack only certain parts of molecules or
attack only the more easily oxidized
molecules in a group. We expect to adapt
TAMLs to advance green chemistry for
decades to come. Although more toxic-
ity testing must be done, the results so
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far indicate that TAMLs break down
pollutants to their nontoxic constituents,
leaving no detectable contamination be-
hind. We now have more than 90 inter-
national patents on TAML activators,
with more in the pipeline, and we also
have several commercial licenses.
Interestingly, we still do not know all
the details of how the TAMLs work, but
recent studies have provided deep in-
sights into the key reactions. In their sol-
id state, Fe-TAMLs generally have one
water molecule attached as a ligand to
the iron atom, oriented perpendicularly
from the four nitrogen ligands; when put
in solution, another water molecule con-
nects to the opposite side of the iron
atom. These water ligands are very loose-
ly attached—if hydrogen peroxide is also
in the solution, a molecule of it easily re-
places one of the water molecules. The
peroxide ligand swiftly reconstitutes it-
self, expelling both its hydrogen atoms
and one oxygen atom (which escape as

H,»O, a water molecule) and leaving one
oxygen atom attached to the iron at the
center of the Fe-TAML, which is now
called the reactive intermediate (RI).

Oxygen is much more electronega-
tive than iron, which means that its nu-
cleus pulls most of the electrons in the
complex bond toward itself and away
from the iron nucleus. This effect in-
creases the positive charge of the iron at
the center of the TAML, making the RI
reactive enough to extract electrons
from oxidizable molecules in the solu-
tion. We have not yet determined how
the RI breaks the chemical bonds of its
targets, but current investigations may
soon reveal the answer. We do know,
however, that we can adjust the strength
of the TAMLs by changing the atoms at
the head and tail of the molecule; put-
ting highly electronegative elements at
those locations draws even more nega-
tive charge away from the iron and
makes the RI more aggressive.
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Industrial Strength

BUILDING TAMLS inthelaboratoryis
one thing; scaling them up for commer-
cial use is another. So far the lab tests and
field trials have been promising. Tests
funded by the National Science Founda-
tion, for example, demonstrated that Fe-
TAMLs plus peroxides could clean up
the contamination from a bioterror at-
tack. We found that when we combined
one TAML with tertiary butyl hydroper-
oxide—a variation of hydrogen peroxide
that replaces one of the hydrogen atoms
with a carbon atom and three methyl
(CH3) groups—the resulting solution
could deactivate 99.99999 percent of the
spores of Bacillus atrophaeus, a bacte-
rial species very similar
to anthrax, in 15 min-
utes. In another impor-
tant potential applica-
tion, we hope to use Fe-
TAMLs and hydrogen
peroxide to someday create an inexpen-
sive disinfectant to tackle the infectious
waterborne microbes that account for so
much death and disease worldwide.

In three field trials, we explored how
well TAMLSs can alleviate the pollution
created when paper is manufactured.
Every year the paper and wood pulp in-
dustry produces more than 100 million
metric tons of bleached pulp, which is
turned into white paper. Besides gener-
ating dioxins, chlorophenols and other
hazardous organochlorines, many pulp
mills discharge a coffee-colored effluent
that stains streams and rivers and blocks
light from penetrating the water. The re-
duction of light interferes with photo-
synthesis, which in turn affects organ-
isms that depend on plants for food. The
sources of the staining are large colored
fragments of lignin, the polymer that
binds the cellulose fibers in wood.
Bleaching with chlorine dioxide removes
the lignin from the cellulose; the smaller
lignin fragments are digested by bacteria
and other organisms in treatment pools,
but the larger pieces are too big to be
eaten, so they end up in rivers and lakes.

We have tested the effectiveness of Fe-
TAMLs at decolorizing these fragments
at two pulp mills in the U.S. and one in
New Zealand. In New Zealand we com-
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bined Fe-TAMLs and peroxide with
50,000 liters of effluent water. In the U.S.
we directly injected Fe-TAMLs into a
pulp-treatment tower or an exit pipe
over the course of several days to bleach
the wastewater. Overall, the Fe-TAMLs
reduced the staining of the water by up
to 78 percent and eliminated 29 percent
of the organochlorines.

The development of other TAML ap-
plications also looks exciting. Eric Gei-
ger of Urethane Soy Systems, a company
based in Volga, S.D., has found that Fe-
TAMLs do an excellent job processing
soybean oil into useful polymers that
display physical properties equal to, if
not better than, those of current poly-

urethane products. TAMLs may even
find their way into washing machines: in
another series of tests, we found that a
tiny quantity of catalyst in certain house-
hold laundry products eliminated the
need to separate white and colored cloth-
ing. TAMLs can prevent staining by at-
tacking dyes after they detach from one
fabric but before they attach to another.
We are also working on a new family of
TAMLs that can break the very stable
molecular bonds that allow drugs and
agricultural chemicals to pass intact into
drinking water.

Despite the success of these trials, we
have not resolved all the questions about
TAML activators. More testing on in-
dustrial scales remains to be done, and
itisimportant to ensure that TAMLs do
not create some form of pollution we
have not yet observed. Too often chemi-
cal technologies have seemed completely
benign when first commercialized, and

the devastating negative consequences
did not become clear until decades later.
We want to do everything in our power
to avoid such surprises with TAMLs.
Cost is also an issue. Although
TAMLs promise to be competitive in
most applications, large corporations are
deeply invested in the chemical processes
they currently use. Shifting to new sys-
tems and techniques, even if they work,
usually requires significant investments.
One great advantage of TAML technol-
ogy, though, is that it does not require
major retooling. What is more, TAMLs
may ultimately save companies money
by offering a cost-effective way to meet
increasingly stringent environmental

Building TAMLs in the laboratory is one thing;

Scaling them up forcommercial use is another.

laws in the U.S., Europe and elsewhere.
The advances of green chemistry to
date represent only a few interim steps
on the road to dealing with the many en-
vironmental challenges of the 21st cen-
tury. The deeper question is, Are we go-
ing to practice acute care or preventive
medicine? Right now most chemists are
still trained to create elegantly structured
compounds that solve the specific prob-
lem for which they have been engineered,
without regard to their broader impact.
We are in effect performing global-scale
experiments on our ecosystems and our-
selves, and when these experiments fail
the cost can be catastrophic. New green
chemical techniques offer an alternative.
The Industrial Revolution has unfolded,
for the most part, without design or fore-
thought. Perhaps now we can take some
creative steps to reverse that trend and
help make a world, and a future, that we
can live with.

MORE TO EXPLORE

Toward Sustainable Chemistry. Terrence J. Collins in Science, Vol. 291, No. 5501, pages 48-49;

January5,2001.

Rapid Total Destruction of Chlorophenols by Activated Hydrogen Peroxide. Sayam Sen Gupta,
Matthew Stadler, Christopher A. Noser, Anindya Ghosh, Bradley Steinhoff, Dieter Lenoir, Colin P.
Horwitz, Karl-Werner Schramm and Terrence J. Collins in Science, Vol. 296, pages 326-328;

April 12, 2002.

More information can be found online at www.cmu.edu/greenchemistry and www.chemistry.
org/portal/a/c/s/1/acsdisplay.htmli?D0OC=greenchemistryinstitute\index.html
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The Elusive Goal of

MACHINE
TRANSLATION

Statistical methods hold the promise of moving
computerized translation out of the doldrums

atrium Nepal Asia legend:
The lion, the sorceress, the
“already
lack” the evil spirit abstains the
trilogy “rich in poetic and artistic
flavor, also has not let” the Har-

evil spirit wardrobe

ley baud “the series novel have
the infinite pleasure the under-
current to be turbulent.

The preceding gibberish was brought
to you by a Chinese-to-English transla-
tion carried out by Altavista’s Babelfish,
the popular Internet-based translator.
In coherent English, from a bilingual
page on the Web site of Taiwan’s China
Post, it reads:

“The Chronicles of Narnia”
doesn’t come near the poetic vision
of “The Lord of the Rings” trilogy,
and it doesn’t have the dark under-
currents that makes the “Harry
Potter” series endlessly fascinating.
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By Gary Stix

This passage illustrates that machine
translation, or MT, as it is known, re-
mains one of the more challenged sub-
disciplines of the blighted field of artifi-
cial intelligence. A proper name or a few
well-crafted phrases suffice to throw
the software off track. In the past few
years, though, a new research approach
has fueled a revival for machine transla-
tion: brute-force computing methods—
which gauge the probability that a word
or phrase in one language matches that
in another—are at last bringing MT
closer to human performance, in the es-
timation of developers of this software.

Tougher Than Chess

THE EVER INCREASING POWER of
hardware and software algorithms to-
day has propelled the computer past the
chess grandmaster. (Recall that IBM’s
Deep Blue supercomputer triumphed
over Garry Kasparov in 1997.) But on
the whole, machine translation has ex-

perienced only halting progress in achiev-
ing humanlike capabilities in its more
than 50-year history—and some critics
would classify even that characteriza-
tion as overly generous.

In 1954 IBM and Georgetown Uni-
versity demonstrated the translation of
more than 60 sentences from Russian
into English. The IBM press release,
dated January 8, 1954, glowed: “Rus-
sian was translated into English by an
electronic ‘brain’ today for the first
time.” The military defense community
and computer scientists expected rou-
tine machine translation within five
years, but it never materialized.

In 1966 the U.S. government—spon-
sored Automatic Language Processing
Advisory Committee reported that hu-
mans could perform faster, more accu-
rate translation at half the cost. “There
is no immediate or predictable prospect
of useful machine translation,” its study
concluded.
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SLIM FILMS

Funding dried up, and only modest
advances came in subsequent decades.
In the late 1960s the U.S. Air Force sup-
plied support to a small company that
created the machine translator called
Systran—the Internet version of which
provided the first paragraph of this ar-
ticle—to cope initially with voluminous
demands to translate Russian docu-
ments into English.

Systran is based on rules about the
source and target languages, as was
IBM’s original “brain” system, which
relied on six rudimentary rules that gov-
ern syntax, semantics and the like. For
example, the word “0” in Russian could
be translated by an IBM 701 computer
as either “about” or “of.” If “0” fol-
lowed the word “nauka” (science), it
looked for the appropriate rule that told
it to translate “0” as “of”—in other
words, the “science of,” not the “science
about.”

The Paris-based Systran company
ranks as the biggest machine translation
company in the world. Even with cus-
tomers that include Google, Yahoo and
Time Warner’s AOL, its annual revenues
were just $13 million for 2004—in an
overall market for translations of all va-
rieties that is estimated worldwide to
total nearly $10 billion. “We’re so small,
and we’re the largest,” says Dimitris Sa-
batakakis, Systran’s chairman and chief
executive officer.

www.sciam.com

No More Rules
FOR RULE-BASED SYSTEMS, lan-
guage experts and linguists in specific
languages have to painstakingly craft
large lexicons and rules related to gram-
mar, syntax and semantics to generate
text in a target language. Commercial
systems contain tens of thousands of
grammar rules for a corpus that is made
up of hundreds of thousands of words.

Beginning in the late 1980s, IBM cre-
ated a system for translating French into
English called Candide that required
knowledge of neither grammar nor syn-
tax. It eschewed rules in favor of taking
substantial bodies of already translated
text, matching words between the two
languages (more recent systems use
whole phrases) and finally deriving prob-
abilities—based on Bayes’s theorem—to
estimate whether an English word was a
correct translation from the French.

Another analysis that relied solely on
large English texts assessed whether the
word translated into English fit in gram-
matically with surrounding words. The
word or phrase in the target language
accorded the highest probability could
then be used to “decode” future texts—
and multiple words could be linked to
build entire documents. If the statistics
showed that the word “pouderie” usu-
ally equated to “blowing snow,” that, in
principle, was all that was needed.

IBM eventually dropped its effort. At

COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.

the end of the 1990s it could take an
entire day for a machine translation of a
single page. But then things began to stir.
The Internet produced a rapid growth in
the number of large, bilingual bodies of
text. The Web also created demand for
translation that could never be met by
humans.

In 1999 the National Science Foun-
dation held a workshop at Johns Hop-
kins University to construct a software
tool kit that could be readily dissemi-
nated to the scientific community, an
action that drew attention and spurred
new activity. In 2002 one of the work-
shop organizers, Kevin Knight of the
University of Southern California, and
Daniel Marcu, also at U.S.C., founded
Language Weaver, the only statistical
machine-translation company. It now
claims to be capable of translating at
least 5,000 words a minute back and
forth between English and Arabic, Far-
si, French, Chinese and Spanish.

Google Is aWinner

ANOTHER ALUMNUS of both the
workshop and U.S.C., Franz Och, was
hired by Google. Last summer the still
experimental Google system engineered
by Och bested competitors such as IBM
to win every category in a competition
organized by the National Institute of
Standards and Technology to translate
100 newswire documents from Arabic
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STATISTICAL MACHINE TRANSLATION

INPUTTING ALREADY-TRANSLATED TEXTS

Existing translated texts from various sources form the foundation of the

automated translations.

%
%
e
=

Translated archives Dictionary and glossaries

A

\|
)
Internet Human translators

PREPROCESSING The texts are scanned, aligned and formatted.

[ Que hambre tengo yo. ]

Preprocessor

PHRASE MATCHING IN TRANSLATED TEXTS
Atranslation model picks out two- or three-word phrases from the source
language (in this case, Spanish) that match the target language (English).

Source language: Spanish

Target language: English

Este guiso tradicional se
ennoblece con el bogavante,
la viera y el rodaballo.

This traditional stew is
refined with scallops,
lobster and turbot.

TRANSLATION MODEL

By using statistics to measure
how often and where words occur
ina given phrase in both
languages, the model derives a
template for word reordering. It
alsotakes advantage of other
techniques, such asreducing
multiple Spanishwords to a single
translated word (not shown).

S0

hungry

Que hambre tengo yo

=

Statistical methods have proved to be more
effective than other types of automated
machine translations based on rules crafted by
human translators.

The new methods take advantage of the
brute-force calculating power of machines to
crunch through existing translated texts to
determine the probability that aword ora

phrase in one language matches that in another.

LANGUAGE MODEL

Working from its own statistical analyses of
English-only texts, alanguage model attempts
to predict the most likely word and phrase
ordering for the already-translated text.
Greater frequency of a phrase’s occurrence
increases the probability thatitis correct.

I am so baffled
by Modern and

Postmodern art.
The boy is so

thirsty and the
mother so sad.

[I am so pleased to meet youl

“I am so hungry to

see everything, and
to know everything,”
she said to herself,

He cried, “I am
so hungry! Will
you give me

food?” )

I have so many
people to thank.

What strength
have I that I
should endure?

Y

lam so > Have | that
lam so > | have so
So thirsty > Thirsty
Am so hungry > What hunger have

DECODER When anew sentence gets inputted—one that can differ slightly or substantively from the text already processed (only sed
substitutes for hambre here)—the decoder develops several hypothetical translations and picks the one with the highest probability.

INPUT TEXT

DECODER

TRANSLATION

l'am so thirsty

What thirst have |
Que sed tengo yo.
Have | what thirst
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Thirsty I am so

{I am so thirsty.
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or Chinese into English. Och has men-
tioned that feeding the machine-trans-
lation software with text that equated
to one million books was key to perfor-
mance improvements. He contrasted
Google’s current Chinese-to-English
MT system (Systran) with the experi-
mental statistical one crafted by him
and his co-workers:

Can a machine translator provide more than “gisting,”
a rough idea of the contents of a foreign-language text?

Google/Systran: “Doctor indi-
cates, the bright kernel prearranges
recuperates the about one month.”

Google Research: “Doctors
said Akihito is scheduled to rest for
about a month.”

The buzz about statistical machine
translation has put Systran on the de-
fensive. “You need rules when learning
a foreign language,” Sabatakakis com-
ments. “You don’t learn a language
with statistical methods.” Systran uses
statistical techniques when creating sys-
tems in very narrow domains, such as
translating patent documents. But the
current embrace of statistical methods
is somewhat of a marketing technique,
he says. The company still employs 50
people in research and development,
among them linguists. “The major dif-
ference between Systran and Google is
that Google claims that it doesn’t need
native Chinese people to develop Chi-
nese [applications] because of the magic
and beauty of this stuff,” Sabatakakis
says, adding, “If we don’t have some
Chinese guys, our system may contain
enormous mistakes.”

The distinction between the two
camps has begun to blur a little as sta-
tistical MT researchers have started to
incorporate techniques that account for
the syntactical structure of a sentence.
These methods forgo the intervention
of a human linguist: a syntactic model
might estimate the chance that an Eng-
lish adjective-noun phrase gets reor-
dered after translation into French.
Knight of Language Weaver says that

www.sciam.com

relying on phrases instead of single
words allows the statistics to deal with
semantics as well, avoiding, for in-
stance, having his surname translated
as “Caballero.”

Microsoft Research has a substantial
natural-language group, which for the
past six years has also worked on MT.
The group first focused on rule-based

systems. But it is increasingly incorpo-
rating statistical techniques. Recently
Microsoft used primarily statistical ap-
proaches when translating its online cus-
tomer-support Web sites into 12 new
languages, including Russian, Arabic
and Chinese. The text does not get ed-
ited afterward. “Some of it is admittedly
pretty rough; other parts of it are quite
good,” notes Steve Richardson, a senior
researcher in the natural-language pro-
cessing unit. “The quality of the more
statistical approaches is comparable to
or beginning to exceed that of the rule-
based systems that we used before.”

Getting the Gist

ALL THESE TECHNIQUES, however,
raise the question of whether the ma-
chine-translation equivalent of a Deep
Blue, the IBM chess computer, will ever
beat humans at their own game. Can a
machine provide more than mere “gist-
ing,” a rough idea of the contents of a
foreign-language text? Kevin Hendzel, a
spokesman for the American Transla-
tors Association, says that the current
optimism only promulgates decades’
worth of overhyped claims—FAHQT,
the idea of “fully automatic high-quality
translation,” for instance. Gisting can
help sort through massive amounts of
foreign-language texts as long as it is un-

derstood to be inherently unreliable, he
notes. Even a rough translation has its
perils. He cites one Arabic-to-English
translation that mentioned two sides
“going at” each other, a fragment that
caught the attention of security officials.
The reference turned out to be for a soc-
cer game, not a terrorist attack or im-
minent battle.

Keith Devlin, executive director of
Stanford University’s Center for the
Study of Language and Information, re-
marks that machine-based systems will
never equal the human linguist. “The
use of statistical techniques, coupled
with fast processors and large, fast mem-
ory, will certainly mean we will see bet-
ter and better translation systems that
work tolerably well in many situations,’
Devlin says, “but fluent translation, as a
human expert can do, is, in my view, not
achievable.”

Knight, the pioneer in statistical
translation, disagrees and points to the
progress achieved during this decade. He
foresees no limit to the technology, which
will ultimately achieve human-level
translations for everything except pos-
sibly poetry. He has shown blind exam-
ples of human translations alongside
those from a machine, and audiences
have confused the two. “Let’s not kid
ourselves—there are lots of mistakes in
human-level translations. The bar is not
as high as you would imagine,” he says.
To prove that this round of translation
tools is more than the perennial sales
pitch, the statistics jocks who now lead
the field must demonstrate that this time
FAHQT is real. Only then will the tech-
nology go beyond, as Microsoft’s Rich-
ardson puts it, mere “MT promises.”

il

MORE TO EXPLORE

The History of Machine Translation in a Nutshell. Online at John Hutchins’s Web site:
http://ourworld.compuserve.com/homepages/WJHutchins/nutshell.htm

A Statistical MT Tutorial Workbook. Kevin Knight.

Online atwww.isi.edu/natural-language/mt/wkbk.rtf

The Candide System for Machine Translation. Adam L. Bergeretal.

Online at http://acl.ldc.upenn.edu/H/H94/H94-1028.pdf
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WORKINGKNOWLEDGE

TINY MOTORS

Spin and Swing

Portable consumer products such as music players,
cameras and cell phones are becoming ever smaller.
Miniaturized electronics deserve some of the credit,
but so do ever shrinking motors. Most of them exploit
the same physics principles as their bigger kin; the key
is design and manufacturing ingenuity.

MP3 players such as the iPod provide an instructive
example. They cram about 1,500 songs, or six gigabytes
of data, per square inch of magnetic hard disk that is
thinner than a dime. The disk is spun by a spindle mo- I
tor. The rotor at its center is only two millimeters thick; i Disk
it and other parts “would fit on the tip of your pinky,”
notes Hans Leuthold, head of motor R&D at Seagate
Technology in Scotts Valley, Calif.  Track i

Most larger motors turn on small ball or cylinder J_ JIIHT
bearings, but the disk drive must rotate with an accu- '
racy of 0.05 micron. Crafting tiny ball bearings per-
fectly round enough to deliver such specificity would be
prohibitively expensive. Instead the motor uses a fluid
for bearings, typically an oil. Manufacturers are now
experimenting with air bearings, because denser drives
will require faster rotating speeds—demanding less
friction than even slippery oil offers.

To read the densely packed bits quickly and accu-
rately, a second motor, a voice-coil actuator, swings a
read head back and forth over the disk’s magnetized
tracks. It is a variation of larger actuators. Yet tracks
are becoming so tight—down to a tenth of a micron— | IREGE
that greater density may require a micromotor, fabri-
cated using microelectromechanical technology, on
the actuator’s tip to fine-tune the head’s placement.
Other such motors are being designed that one day
could scour plaque from clogged arteries or fix
damaged cells.

Motors made with piezoelectric materials that
bend to create motion are entering markets, too.
Nevertheless, “spindle motors will probably always
be there” to turn mini-disk drives, even denser ones
that store video files, says Bi Chao, research scientist at
the Data Storage Institute in Singapore. Suppliers are
devising stronger yet smaller motor magnets to reduce
power consumption, thus extending battery life. They
continue to drive down expenses to lower the already
cheap price of $1 to $3. —Mark Fischetti

HARD-DISK DRIVES such as those in many MP3 players
require one motor to spin the magnetic disk, so the correct
sectorcan beread, and an actuator motor to move the read
head back and forth to access the desired data track.

GEORGE RETSECK
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DID YOU KNOW...

[ BIOLOGY:Certainbacteriapropelthemselvesusingaflagellum,
awhiplike tail. Molecules that surroundits base release energyin
awaythat rotates the strand to and fro. Inspired, scientists are
devisingman-made molecular motors thatcanrotate at predeter-
mined speeds or turn to preset positions when exposed to light.
These couldonedaybeinsertedinlivingcellsto manipulateinter-
nal processes.

[ CHEMISTRY: Liquids that remain stable across great tempera-
turerangesarecrucialtotinymotors. The machines are quietand
do not generate much heat, overcoming the noise and cooling
troubles of larger designs. But they must operate in the deep

freeze of a Minnesota winter and the oven of a car dashboard in
an Arizona summer. The fluid film that forms the bearing cannot
stiffen too much in extreme cold, because the motor cannot gen-
erate enough torque to overcome its resistance. When hot, the
liquid cannot thin so much that moving parts touch and become
damaged.

[I PHYSICS: Cellphones and pagers use avibrator motor to signal
anincoming call when the ringer is turned off. The little motor
looks like a button-style watch battery. Incoming currentinter-
acts with the motor’s permanent-magnet fields, causing the mo-
tor housing to vibrate.

Stator

PIEZOELECTRIC motor materials
change shape. Electric fields cause
the outer ceramic bands to deform
in precession, like a hula hoop
winding up and down around a
torso. Interior threads turn the
ceramic screw out andin, an action
thatcanzoom alens or pump a fluid.

Winding

SPINDLE MOTOR is typically a permanent-magnet synchronous
design. Windings generate a magnetic field around the top tooth
of the stator and subsequently in each tooth; the advancing
fields repel magnets on the rotor, causingit to spin, turning the
shaft. Acomputer chip controls the currentin the windings.

MICROMOTOR is made with microelectromechanical
technology. Electric fields in the motor cause it to shift
slightly back and forth, helping the read head discern
tracks packed too tightly for the actuator arm to pinpoint.

ACTUATOR motor is usually a voice-coil design. Magnets create
afield; sending a current through the coil generates force that
pivots the arm back and forth, moving the read head.

Topic suggested by reader Philip Draper.
Send ideas to workingknowledge@sciam.com
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From Surmise to Sunrise

THE SCIENCE OF LIFE AND THE ART OF WRITING WELL BY JONATHAN WEINER

FROM SO SIMPLE ABEGINNING: THE FOUR
GREAT BOOKS OF CHARLES DARWIN
Edited by Edward 0. Wilson

W.W. Norton & Company, 2006 ($39.95)
DARWIN: THE INDELIBLE STAMP:

THE EVOLUTION OF AN IDEA

Edited, with commentary,

by James D. Watson

Running Press, 2005 ($29.95)

REEF MADNESS: CHARLES DARWIN,
ALEXANDER AGASSIZ, AND THE MEANING
OF CORAL

By David Dobbs

Pantheon Books, 2005 ($25)

“Great scientific discoveries are like
sunrises,” says E. O. Wilson. First they
touch just the tips of a few peaks and
steeples; then they illuminate the whole
world.

The greatest discoveries change ev-
erything for us, says James D. Watson:
not only our feelings about science, “but
about existence.”

No discovery has changed us more
than Charles Darwin’s. Now, thanks to
a publishing coincidence, we have not
one but two new Darwin readers, one
introduced by Wilson, the other by Wat-
son—two of the world’s best-known bi-
ologists since Darwin. Each volume re-
prints the same classics: Darwin’s Voy-
age of the Beagle, On the Origin of
Species, Descent of Man, and Expres-
sion of the Emotions in Man and Ani-
mals. Each volume even carries the same
epigraph. It is the final sentence from
Descent, the sentence in which, after
decades of dread and delay, Darwin fi-
nally allowed himself to drive his idea
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all the way home: “We must acknowl-
edge, as it seems to me, that man with
all his noble qualities, with sympathy
which feels for the most debased, with
benevolence which extends not only to
other men but to the humblest living
creature, with his god-like intellect
which has penetrated into the move-
ments and constitution of the solar sys-
tem—with all these exalted powers—
Man still bears in his bodily frame the
indelible stamp of his lowly origin.”

I’ve been dipping into these two vol-
umes, rereading Darwin with Wilson’s
and Watson’s commentaries. Like every-
one who follows biology, I've read all
three men for years. And to me the most
interesting thing about this little pub-
lishing coincidence is the larger coinci-
dence that these three biologists, who
succeeded in opening up new views of
life, have also been brilliantly successful
popular writers.

Darwin’s first book, the story of his
five-year voyage around the world as a
young man onboard the HMS Beagle,
was a best-seller in 18435, even though it
said virtually nothing about evolution
by natural selection, the great discovery
he had begun to incubate in secret. Ori-
gin was such a success in 1859 that the
first printing sold out before publication,
as Watson says in his introduction, “no
fewer than one-third being bought by
Mudie’s Circulating Library, an endorse-
ment of the likely popularity of the book
equivalent to a recommendation today
from Oprah Winfrey.” Even Darwin’s
last book, a study of earthworms, which
he published in 1881, the year before he

The evolutionary theorist
wrote a series of great books to convince
others of his powerful vision.

died, was a surprise best-seller—by Vic-
torian standards, at least. “My book has
been received with almost laughable en-
thusiasm,” he wrote, “and 3500 copies
have been sold.”

In 1953, almost a century after Ori-
gin, the young James Watson stood over
his sister’s shoulder as she typed up a
900-word research paper he had written
with his friend Francis Crick about the
structure of DNA. “There was no prob-
lem persuading her to spend a Saturday
afternoon this way,” Watson wrote af-
terward, “for we told her that she was
participating in perhaps the most famous
event in biology since Darwin’s book.”
The Double Helix, Watson’s memoir of
his discovery, was a best-seller, too.

As for Wilson, his book Sociobiology
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caused a scandal in 1975 by speculating
about the evolution of human instincts in
the same style in which it analyzed the
evolution of instincts in bees, wasps and
ants. Since then, his skills as a writer have
won him two Pulitzer Prizes and an audi-
ence as wide as Watson’s. Not that the
two men have always gotten along. In
Wilson’s memoir, Naturalist, he devotes
a chapter to the period in the 1950s and
1960s when he and Watson were young
biology professors at Harvard. Wilson
writes, “I found him the most unpleasant
human being I had ever met.”

How can we explain this coincidence
of scientific and literary success in Dar-
win, Watson and Wilson? (And in many
other biologists—too numerous to list—
who have been reviewed in a decades-
long parade in the pages of Scientific
American.)

One trivial factor has to do with
mathematics. There’s a publishing rule
thatevery formula you use in a book cuts
your potential readership in half. In Ori-
gin, Darwin was able to write profound-
ly about evolution without using a single
formula. In Principia, on the other hand,
Isaac Newton used so many formulas
that if that publishing rule is correct, ac-
cording to my rough calculations, the
book shouldn’t even have been read by
Newton. Even today biologists such as
Watson and Wilson can often do without
formulas and still give us deep, wide
views of nature. Other kinds of scientists
manage that, too, but the trick is harder
to bring off if you’re a theorist of prime
numbers, quantum states or string.

Then there’s the power of biology as
a subject. Like artists, philosophers,
theologians and the rest of us, biologists

think about life and death. Because these
are subjects we all brood about, we can
understand why biologists might care
deeply enough to make the science of life
their life’s work. It is Darwin’s love of
life (a passion for which Wilson coined
aword, “biophilia”) that makes his Voy-
age a perennial pleasure to read. As Wat-
son writes, Voyage is a story of discovery
“not only of unknown lands and the or-
ganisms that inhabit them, but also of a
young man’s discovery of his own poten-
tial.” Darwin’s memoir of his years on
the Beagle is, as Watson says, “an inti-
mate book in which Darwin reveals
much of his character.” You could say
the same of Watson’s Double Helix or
Wilson’s Naturalist. Each memoir is
about the wonders of life and about find-
ing a wonderful life. We can feel Darwin’s
enthusiasm on his opening page, when

Einstein's Greatest Mistake:
Abandonment of the Acther
by Sid Deutsch
Proof positive that there is an
aether comes Albent
Einstein’s special relativity,
Imagine a planet (THEM) that is
receding foom earth (US) o g speed
of 100 million m/s. According o
special relativity, light waves on
U8 and THEM have a speed of 300
million m/'s relafive to each planet,
Il an imaginary beam ol light,
dirccted 1o THEM, leaves US at a
velocity of 300 million m/s, it has
io gradually specd up to 400
million m's relative fo US in order
to land on THEM at a speed of 300
million m/s refarive ta THEM, Only
an aether carrier can increase the
velocity of light in this manner.
The inhabitants of THEM receive
the beam with its frequency shifted
down by a factor of ¥ — the well-
known “red shifi.”
iUiniverse, 2006, $15.95, 82595

from
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he describes the Beagle’s first landing, on
January 16, 1832, in the Cape Verde Is-
lands. “The scene,” Darwin writes, “as
beheld through the hazy atmosphere of
this climate, is one of great interest; if,
indeed, a person, fresh from sea, and
who has just walked, for the first time, in
a grove of cocoa-nut trees, can be a judge
of anything but his own happiness.”

And there’s the style in which Darwin
worked toward his theory of the origin of
species. He didn’t gather a thousand and
one facts and then invent a theory to ex-
plain them—which was the scientific
style that had been urged on the world by
the prophet of science Francis Bacon. In-
stead the young Darwin made a leap of
imagination and then worked for de-
cades to find out if his idea really held up.
David Dobbs talks about Darwin’s revo-
lutionary style of doing science in Reef
Madness, a book about Darwin’s coral
reef theory. (Dobbs’s book is a gem; the
title is its only flaw.) Darwin’s leap of
imagination is a feat that an artist can
appreciate. He had a powerful vision of
the way things are, of the way things go,
and then he wrote a shelf of great books
that convinced his readers of his vision.
As Dobbs writes, “It was a move toward
the power of story.” Watson and Crick
worked the same way in their discovery
of the double helix: first the leap of intu-
ition, then the tests.

Finally, of course, there is the power
of the story itself. Darwin was born in
the static world of scripture, and he left
us a turbulent world of perpetual change.
Ever since Darwin, we live in a world of
stories. The story of that change will be
told forever. We’ll never get tired of read-
ing and rereading it. First Darwin jour-
neys alone from surmise to sunrise. Then
the truth dawns on us all.

Jonathan Weiner won a Pulitzer Prize
in 1995 for The Beak of the Finch.

He teaches science writing in
Columbia University’s Graduate
School of Journalism.

www.sciam.com
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Last time here presented was a heptagon construction by means of straightedge
and compass, ulilizing “sliding” or “insertion”, a method that reaches a given point
indirectly, in two or more steps instead of a single step. That heptagon depended,
hawever, on factors that, though simpler than usual, were still quite intricate.

This time is shown that “insertion” can be used in a much simpler way, enabling
construction of not only the heptagon but any other regular polygon, as well as
division of an arbitrary angle into any number of equal parts, in results that appear
unknown without the use of tools like the protractor,

For the above heptagon, with a center 4 on a circle draw a circular are BC such that
the last arc drawn meets A, By increasing the radius of arcs, the steps are reduced
to @ minimum. Here with center C arc 80 i1s drawn, and with center D arc BA. The
szecond figure concems the famous problem of trisecting any angle. On angle ABC,
with center A draw an arc OE such thal with center D the arc from E meeats C,

Mare work by the author, Paul Vijecsner, is on his website, hitp:iiviecsner net.
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ANTIGRAVITY

Annual Rapport

LIKEA GOOD WINE, 2005 HAD AFINE FINISH BY STEVE MIRSKY

One of the better gifts in Santa’s bag is
the year-end edition of the British Medi-
cal Journal, which brightens the cold
days of late December with research re-
ports that are actually fun to read. Take
the report entitled “Harry Potter Casts a
Spell on Accident Prone Children.” The
authors note that kid crazes, such as skat-
ing and scootering, often lead to emer-
gency room visits. But traumatic injury
as a result of widespread Harry Potter
reading would presumably be rare, they
say, “given the lack of horizontal veloc-
ity, height, wheels, or sharp edges asso-
ciated with this particular craze.”

So they tracked ER visits on week-
ends after the release of the past two
Harry Potter books and found a “sig-
nificant fall,” but only of the kind in
which no one gets hurt. Hospital trips
were halved when kids were hunkered
down with Harry. The authors muse: “It
may therefore be hypothesized that there
is a place for a committee of safety con-
scious, talented writers who could pro-
duce high quality books for the purpose

) i A
- L -"“ P,
W L
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of injury prevention.” The Muggles who
wrote the report point out, however, that
the flip side could be “an unpredictable
increase in childhood obesity, rickets,
and loss of cardiovascular fitness.”
Another study of particular interest
during the celebratory season was on the
“Shape of Glass and Amount of Alcohol
Poured.” Seems that our brains confuse
height with volume—even experienced
bartenders attempting to pour a stan-
dard shot misoverestimate and actually
deliver about 20 percent more alcohol
into a short, wide glass than into a tall,
thin one. The scientists recommend go-
ing with highball glasses to avoid over-
pouring or to use “glasses on which the
alcohol level is marked.” Now, I can’t see
getting a special pair of glasses to wear
just for pouring drinks, but I don’t enter-
tain that much. [Editors’ note: We
agree—he barely entertains us at all.]
Perhaps the most important research
turned up in “The Case of the Disappear-
ing Teaspoons: Longitudinal Cohort
Study of the Displacement of Teaspoons
in an Australian Research Institute.”
Noting that lounges at their institute al-
ways seemed to be short on teaspoons,
which led to an inability to use sugar or
instant coffee efficiently, which in turn
must have had a negative effect on the
quality of work, the researchers at-
tempted to answer the question “Where
have all the bloody teaspoons gone?”
The investigators planted 70 “dis-
creetly numbered” teaspoons in the
kitchen and did a weekly census. After
five months, 80 percent of the teaspoons
were gone, with teaspoons in common

areas having a half-life of a mere 42 days.
The authors propose three explanations.
Quoting the classic 1968 Science article
“The Tragedy of the Commons,” which
explains how individual overuse can de-
stroy a community asset, they note that
people may actually have taken the
spoons. They also suggest the possibility
of a distant planet populated by spoon
life-forms, to which the spoons some-
how migrated. Finally, they consider the
theory of counterphenomenological re-
sistentialism—“the belief that inanimate
objects have a natural antipathy towards
humans, and therefore it is not people
who control things but things that in-
creasingly control people.” In other
words, if you still think you’re running
the show, well, where have all the bloody
teaspoons gone?

The BMJ was joined in spreading hol-
iday cheer by Judge John Jones. On De-
cember 20 he issued his decision in the
Dover, Pa., intelligent design trial that
has been frequently mentioned on this
page. The decision, available on the
Web, is an instant classic of science writ-
ing, not to mention jurisprudence. In ad-
dition to delineating why untestable in-
telligent design is equivalent to the
spoon-space-travel hypothesis above,
Judge Jones harangued the school board
for its “breathtaking inanity” in requir-
ing an antievolution, pro-ID statement
to be read in public school science class-
es. Local authorities are now looking
into perjury charges against pro-ID
board members who apparently lied in
depositions and on the witness stand.
Not very intelligent.
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ASK THE EXPERTS

How do clectric eels generate a voltage,

and why dont they get shocked?

Angel Caputi, senior scientist and head of the department
of integrative and computational neurosciences at the
Clemente Estable Institute for Biological Researchin
Montevideo, Uruguay, provides this answer:

The electric eel generates large electric currents by way of
a highly specialized nervous system that synchronizes the ac-
tivity of disk-shaped, electricity-producing cells packed into
a specialized electric organ. The nervous system uses a com-
mand nucleus that tells the electric organ to fire. A complex
array of nerves activates the thou-
sands of cells at once.

Each electrogenic cell carries a
negative charge of a little less than
100 microvolts on its outside com-
pared with its inside. When the
command signal arrives, the nerve
terminal emits a minute puff of
acetylcholine, a neurotransmitter.
This release creates a transient path
with low electrical resistance con-
necting the inside and the outside
of one side of the cell. Thus, each
cell behaves like a battery, with the activated side carrying a
negative charge and the opposite side a positive one.

Because the cells are equally oriented inside the electric
organ like a series of batteries piled into a flashlight, the cur-
rent generated by an activated cell “shocks” any inactive
neighbor into action, setting off a cascade that runs its course
in just two milliseconds or so. If the eel lived in air, the result-
ing current could be as high as one ampere, turning the crea-
ture’s body into the equivalent of a 500-volt battery. But wa-
ter provides additional outlets, diminishing the current.

One explanation for why eels can shock other animals
without zapping themselves could be that the severity of an elec-
tric shock depends on the amount and duration of the current
flowing through any given area of the body. For purposes of
comparison, an eel’s body has roughly the same dimensions as
an adult man’s arm. To cause muscles in an arm to spasm, 200
milliamps of current must flow into them for 50 milliseconds.
An eel generates much less energy than that with its two-
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millisecond current flow. Also, a large part of the current dis-
sipates into the water through the eel’s skin. The current dis-
charged into the smaller bodies of prey is much stronger pro-
portionally. For example, prey one tenth the eel’s length is about
one one-thousandth the animal’s volume. Therefore, small ani-
mals close by get shocked, rather than the discharging eel.

What causes stuttering, and
iS thel‘e a Cure? —Z.ScuwarTz, VINELAND, N.].

J.Scott Yaruss, associate professorin communication
science and disorders at the University of Pittsburgh School
of Health and Rehabilitation Sciences and co-director of the
Stuttering Center of Western Pennsylvania, explains:

The classification of stuttering encompasses a number of
communication disorders. Neurogenic stuttering and psycho-
genic stuttering, as their names imply, have a specific known
cause—either a flaw in the makeup of the brain or a profound
psychological challenge. Developmental stuttering, the most
common version of this disorder, typically starts between the
ages of two and a half and four. In addition to disruptions in
their speech, people who stutter often experience negative
emotional, cognitive or behavioral reactions that can further
affect their ability to communicate.

Current theories suggest that stuttering arises from a com-
bination of several genetic and environmental influences. Some
of the elements now being examined are motor skills, language
skills and temperament.

There is no known cure for stuttering, although many treat-
ment approaches have proved successful for reducing its effects.
Options include training to change speech patterns, counseling
by speech-language pathologists to minimize negative reac-
tions, pharmaceutical interventions and electronic devices that
may enhance fluency. Self-help and support groups also play a
prominent role in speech improvements for many people.

For a complete text of these and other answers from
scientists in diverse fields, visit www.sciam.com/askexpert
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