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LETTERS TO THE EDITORS

Nuclear Intrigues

In “Did Bohr Share Nuclear Secrets?”
[SCIENTIFIC AMERICAN, May], Hans A.
Bethe, Kurt Gottfried and Roald Z. Sag-
deev claim that Niels Bohr shared little
of value with Soviet agents in their
meeting in 1945. But the full transcript
of the meeting, made available by ScI-
ENTIFIC AMERICAN on America Online,
suggests otherwise. For example, the
Soviets—who were uncertain in 1945
of which materials could be made into
bombs—queried Bohr on the feasibility
of even-numbered isotopes of uranium
and plutonium. Bohr stated that the
bomb material was either uranium 235
or plutonium. He further noted that ura-
nium 235 was processed in large quan-
tities in the U.S. and that plutonium was
removed from the cores of reactors
about once a week, emphasizing that
this was not done for “cleaning” pur-
poses. Thus, Bohr made clear to the So-
viets that both uranium 235 and pluto-
nium (but no other element) could be
used in the production of bombs.

ALEX RASKOVICH
Chicago, Ill.

Bethe, Gottfried and Sagdeev state
that Bohr “ ‘never visited the East Coast
laboratories’ where the Manhattan Proj-
ect’s isotope separation facilities were
located.” I know otherwise. In the spring
of 1944 I was a physicist in the Pilot
Plant of the Electromagnetic Separation
of Uranium Isotopes in Oak Ridge, Tenn.
One Sunday morning my supervisor in-
formed me that “Mr. Nicholas Baker”
would be visiting the plant. I asked
who Mr. Baker was and was told, “You
will know him when you see him.” As
he came through the door, I recognized
Niels Bohr. His visit was brief, but he
did pause to view the beam of uranium
ions traveling from source to receiver.
In 1955 I had the pleasure of visiting
with Bohr in Copenhagen, and we remi-
nisced about his visit to Oak Ridge.

CHRIS P. KEIM
Oak Ridge, Tenn.

In the early 1950s, a physicist named
Iakov Terletskii came to Princeton to talk
with J. Robert Oppenheimer. No doubt
this is the same Terletskii who spoke
with Bohr in 1945. I remember his visit
well because Oppenheimer asked me

to take care of him. He was the first So-
viet physicist to come to Princeton after
the war, and I accepted eagerly the op-
portunity to get to know him. I was sad-
ly disappointed. He was obviously a
KGB man with no interest in science. He
was the dullest visitor I ever encoun-
tered. Probably he was feeling resentful
because he had hoped to talk with Op-
penheimer about nuclear matters and
had been rebuffed. Unfortunately, I have
no written record of Terletskii’s visit. It
would be interesting to see whether any
record of it exists in Terletskii’s mem-
oirs or in Oppenheimer’s files.

FREEMAN J. DYSON
Institute for Advanced Study
Princeton, N.J.

Bethe, Gottfried and Sagdeeyv reply:

The Soviets did not need Bohr to tell
them which materials were most suit-
able for bombs. The famous 1939 pa-
per by Bohr and John Wheeler showed
that odd uranium isotopes would be
far more fissionable after neutron cap-
ture than even ones, a prediction soon
confirmed in the West and in the Soviet
Union before secrecy was imposed. Fur-
thermore, the official U.S. “Smyth re-
port” on the Manhattan Project has two
long chapters each on uranium 235 sep-
aration and on plutonium production.
The report also states that plutonium
239 will fission after neutron capture
and that neptunium, the other element
that can be made in a uranium reactor,
is unstable. The crucial and surprising
fact that plutonium 240 readily fissions
spontaneously was not reported by
Smyth and not disclosed by Bohr.

In saying that Bohr had “never visit-
ed” the isotope preparation plants, we
were quoting the Soviet transcript. But
Keim'’s recollection is correct, as Aage
Bohr has confirmed. Aage and his fa-
ther did indeed pay a brief visit to Oak
Ridge but were never involved in iso-
tope separation or reactor research, as
we stated, whereas they were engaged
in bomb research at Los Alamos.

Vanishing Frogs?

In “The Puzzle of Declining Amphib-
ian Populations” [ SCIENTIFIC AMERICAN,
April], Andrew R. Blaustein and David
B. Wake describe how solar ultraviolet
(UV) radiation can kill exposed eggs of
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certain frogs and salamanders and sug-
gest that ozone decline may be respon-
sible for increased UV levels. But ozone
is not the only atmospheric constituent
that modulates UV radiation. I have
found that the substantial increase in
anthropogenic haze over the eastern
U.S. since the turn of the century has
reduced direct UV from the sun but in-
creased UV scattered from the sky. This
change means that the animals (and
their eggs) and plants that inhabit shady
environments, some of which are sen-
sitive to UV, receive substantially more
UV today than before the industrial era.

FORREST M. Mims III
Sun Photometer Atmospheric Network
Seguin, Tex.

Mona Lisa Unmasked

The similarities between Leonardo’s
self-portrait and the Mona Lisa report-
ed by Lillian Schwartz [“The Art Histo-
rian’s Computer,” SCIENTIFIC AMERICAN,
April] should not be surprising, given
that Leonardo wrote that painters make
portraits that resemble their authors.
Leonardo would have had no difficulty
painting the Mona Lisa in the sitter’s
absence, since he also wrote on the im-
portance of knowing how to paint from
memory, something he certainly would
have mastered. And contrary to what
Schwartz states, the artist’s sketch can-
not be seen with x-rays. An underdraw-
ing, if it possesses carbon-containing
material, can be seen with infrared re-
flectography. The underpainted sketch
can be uncovered with neutron-induced
autoradiography when certain elements
in pigments become radioactive and ob-
servable. X-rays reveal surface or paint-
layer phenomena that occur in heavy-
element laden pigments; lead white is
usually the major contributor to the x-
ray image.

INGRID C. ALEXANDER

Smithsonian Institution Conservation
Analytical Laboratory

Washington, D.C.

Letters selected for publication may
be edited for length and clarity. Unso-
licited manuscripts and correspondence
will not be returned or acknowledged
unless accompanied by a stamped, self-
addressed envelope.
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50, 100 AND 150 YEARS AGO

r I \ his month we depart from our usual format
to present a sampling of the technological

feats Scientific American has chronicled through-

out its history—which began on

August 28, 1845, with publica-

1845

On August 28 the premier issue of
Scientific American reports that Sam-
uel Morse’s telegraph has successfully
linked Washington and Baltimore with
nearly instantaneous electrical com-
munication and that plans are afoot to
add ties to other cities.

1851

Scientific American notes that Isaac
Singer of New York, N.Y., has received
a patent for a new sewing machine.
Machines using his technology go on
to provide employment and clothing
for millions of people worldwide.

1856

The journal hails Henry Bessemer’s
innovations, which sharply cut the
cost of producing steel, as “destined to
revolutionize the processes of manu-
facturing malleable iron and steel.”

1861

In November, Captain John Ericsson’s
design for an “impregnable” ironclad
warship is described in a short article.
Four months later, on March 9, 1862,
his rapidly constructed Monitor duels
with the Confederate’s improvised iron-

1862

clad Merrimac, ushering in a new era in
naval warfare.

1867

After winter ice in the East River
blocks boating between Manhattan and
the other boroughs of New York City,
and so shuts down the only mode of in-
terborough transit, the editors of Scien-
tific American, among others, suggest a
“radical remedy”: construction of per-

1885
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journal of mechanical and other improvements,”

tion of the issue shown here. Initially established as

a weekly “advocate of industry and enterprise, and

y

Scientific American went month-

ly 74 years ago, in 1921.

manent crossings over or under the
river. The next year an etching of the
proposed Brooklyn Bridge appears.
Subsequent articles detail the construc-
tion of this engineering marvel and of
the city’s subways.

1877

The editors of Scientific American,
who have just witnessed a remarkable
demonstration of new technology in
their offices, recall the event for read-
ers: “Mr. Thomas A. Edison recently
came into this office, placed a little
machine on our desk, turned a crank,
and the machine enquired as to our
health, asked how we liked the phono-
graph, informed us that it was very
well, and bid us a cordial good night.”

1878

Eadweard Muybridge’'s sequence of
images showing a horse in motion ap-
pears in a cover article. In 1880 his “zo-
ogyroscope,” which displayed the first
moving image ever, is also the subject
of an article in which the reporter ob-
serves, “Nothing was wanting but the
clatter of hoofs upon turf to make the
spectator believe that he had before
him genuine flesh and blood steeds.”

1879

Edison’s patents for the incandescent
electric light are described; his invention
becomes the first commercially success-
ful electric light.

1885

Drawings and specifications of the
newly completed Statue of Liberty ap-
pear in Scientific American, which close-
ly monitors all phases of installation.

In the same year, the publication re-
ports that new paper negatives can sub-
stitute for fragile glass versions in pho-
tography. The savings in weight and ex-
pense allow amateur and professional
photographers to take their cameras be-
yond their studios with ease.

Copyright 1995 Scientific American, Inc.



1889 i

The centerpiece of the kil
French Exhibition of 1889,
the Great Tower designed by
Alexandre Gustave Eiffel,
appears in several articles
in Scientific American.

1893
The “wonderful ‘mer-
ry-go-round’ designed
by Engineer George
W. G. Ferris” is il-
lustrated.

1895

Scientific
American reports that the first prize in
the Paris-to-Bordeaux car race is taken
by the petroleum-driven carriage of Les
Fils de Peugot Fréres. The average speed
and range of the winning car, 16 miles
per hour over a course of 750 miles,
greatly impress the editors. This victo-
ry helped to establish gas engines as
superior to both steam and electric en-
gines for cars.

1896

The publication displays the first
photographs made in the U.S. by the
new technique of x-ray imaging: some
coins inside a purse and the graphite
core within a pencil. Subsequent issues
show the veins in a dead person’s hand
and buckshot lodged within a living
person’s hand.

1897

A new diving suit designed by Augus-
tus Siebe of London is featured in an
article in Scientific American. The suit
becomes a prototype for equipment
worn by modern divers.

In this year as well, the journal de-
picts and describes the Lumiére ciné-
matographe, the camera that launches
the film industry.

1911
1893

1899
Reporting on a singular accomplish-
ment in communications, the journal
notes that Guglielmo Marconi has used
a wireless telegraph to send a message
across the English Channel.
A month later, responding to Amer-
ica’s burgeoning enthusiasm for
wheeled vehicles, Scientific Ameri-
can devotes an issue exclusively
to bicycles and cars.

1901
The radium experiments
of the Curies are described
in Scientific American.

1902

An article informs readers of some
“most interesting” aeronautical experi-
ments with a glider performed by Wil-
bur and Orville Wright. Almost two
years later, in December 1903, a report-
er tells of the successful three-mile
flight of the Wrights’ motor-driven air-
plane at Kitty Hawk, N.C.

1911

The fervor with which nascent avia-
tion technology is being developed and
applied worldwide is reflected in a spe-
cial issue on aviation and in ongoing
coverage. The special issue notes that
“more than half a million men are now
actively engaged in some industrial en-
terprise that has to do with navigation
of the air.”

1912
Scientific American reports on

experiments in which chemo-

therapy cured cancer in mice. i

1913
A device for measuring blood
pressure is described; the instru-
ment, known as the sphygmoma-
nometer, is still in use today.
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1921

Robert H. Goddard writes an article
for Scientific American defending and
explaining his suggestion (quoted a year
earlier) that a rocket capable of reach-
ing the moon could be built.

1922

Scientific American demystifies the
technology behind the “trick” cinema-
tography of the Douglas Fairbanks thril-
ler The Thief of Bagdad. To depict an
idol that in reality was too large to fit
into a studio lot, the filmmakers pho-
tographed sections separately and then
assembled them on film.

A short report notes the invention of
the rubber-headed dish scraper, now in
use in kitchens worldwide.

1927

Scientific American publishes a de-
tailed report on Charles A. Lindbergh’s
successful solo transatlantic flight. The
article marvels at his decision to navi-
gate by dead reckoning rather than by
using a sextant, a choice the editors
note with moderate disapproval.

1929

The journal, having been asked by
John J. McGraw, manager of the New
York Giants, to assess whether current
major-league baseballs are “livelier”
than those of the past, finds that, com-
pared with balls of 1924, those of 1929
are wrapped under less tension and are,
indeed, more resilient.

1932

Scientific American discusses the dis-
covery of the neutron and the first
splitting of the atom in England and
shows readers the design for a U.S. de-
vice (above) for similar research.

1936

An article on the fluorescent light,
which is still under development, fore-
sees “a possible revolution in lighting.”

Scientific American details the speci-
fications for a 200-inch telescope
planned for an observatory being built
on Mount Palomar in California.

1939

“Tales the Bullet Tells,” on the science
of ballistics in police work, is authored
by J. Edgar Hoover, director of the FBI.



Scientific American also announces
“Here Comes Television!”; regular pro-
gramming begins soon afterward.

1940

Scientific American notes that the
frontiers of visibility have been pushed
to an ever greater distance with the de-
velopment of the electron microscope.

1942

Issues published in this year and oth-
ers during World War II focus attention
on new technologies for coping with
shortages of natural materials, such as
silk and rubber. In one example, an ar-
ticle outlines applications for synthetic
rubber and highlights the growing im-
portance of polymer chemistry.

1943

Scientific American covers the latest
predictions for postwar technology, in-
cluding one foreseeing “an airplane in
every garage.”

The flight recorder, a new aviation
device, is introduced to readers. De-
spite its complexity, the device is com-
pact enough for use on the smallest of
airplanes.

1945

The editors assert that “world securi-
ty” prevents publication of detailed in-
formation on the atomic bomb that
devastated Hiroshima early in August,
but the magazine publishes a summary
of the data available at the time.

1953

1942

"
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In this year, too, Scientific American,
which had only recently bemoaned the
difficulties of producing the lifesaving
drug penicillin in quantity, now reports
on plentiful supplies and a dramatic
drop in price.

1947
Edwin H. Land is reported to have
invented a camera that develops its
own film, in about 60 seconds,
without the need for a darkroom.
The Polaroid instant camera is
marketed a year later (the color _**=
version appears in 1963).

1948
A major article appears on a
small item with big implica-
tions: “The Transistor.”

1951, the transistor is credit-

ed with causing “A Revolution in Elec-
tronics” and the demise of the bulky
and fragile vacuum tube.

1949

“A new revolution is taking place,”
asserts an article on mathematical ma-
chines. While the industrial revolution
mechanized brawn, “the new revolution
means the mechanization and electri-
fication of brains.”

1950

After the Federal Communications
Commission chooses the CBS system
of color television over that of RCA and
CTI (Color Television Inc.) for nation-
wide broadcasting in the U.S., a report
in Scientific American compares the
three systems and points out that the
decision was “one of the knottiest that
has ever confronted public officials.”

1953
The nonmilitary use of radar for me-
teorology is addressed in a piece not-

1968
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ing that the first radar device designed
for weather observation will soon be in
operation.

1954

An article entitled “Computers in
Business” describes room-
size machines able to take
on office tasks, but it ad-
mits “these impressive
monsters have proved
harder to tame and put to
work than was previously
thought.”

Scientific Ameri-
can details the
workings of a new
form of lifesaving
equipment: experi-
mental heart-lung
machines.

1955

Jonas Salk publishes an article in Sci-
entific American about his work devel-
oping a killed-virus polio vaccine.

1960

In an early introduction to fiber op-
tics, Scientific American explains how
bundles of glass fibers can be used to
conduct images and light, and there-
fore information, over long distances.

1961

Scientific American reports that cos-
monaut Yuri A. Gagarin has become
the first person to cross “the border
between the earth and interplanetary
space” in his spaceship Vostok.

A report on the design and construc-
tion of satellites engineered to transmit
telephone and television signals pre-
dicts that the first of these systems will
be operating within five years. Progress
is faster than expected, and less than a
year later Scientific American tells of
the successful launch of Bell Telephone
Laboratories’s Telstar.

1965

An article on microelectronics in-
forms readers that it is now possible to
reproduce an entire electronic circuit
on a tiny modular “chip.”

1969

“Typesetting” discusses a technology
that greatly influences the way our mag-
azine and others are put together. The
report describes an electronic typeset-
ting system that stores typefaces in dig-
ital form and can “paint” up to 10,000
characters per second. (The first elec-
tronically composed issue of the maga-
zine is published in March 1976.)

Scientific American notes that the first
men on the moon—Neil A. Armstrong

Copyright 1995 Scientific American, Inc.



and Edwin E. Aldrin, Jr.—
found the moon’s surface to
be remarkably firm but
somewhat slippery. A ma-
jor article published a
month later offers ques-
tions about lunar geology
that need answering and
suggests areas of the moon
that should be explored.

1970 |
Possible applications of lig- ||
uid crystals—fluids that have
crystalline properties—are out-
lined. The crystals’ tendency to
become opaque or to change col-
or when exposed to a tiny electric field
may one day be exploited to construct
images on a screen or a watch dial.
Scientific American reports that sci-
entists can now fertilize human eggs in
vitro (in a test tube) and grow them in
a culture medium up to the early embry-
onic stage. This procedure gives hope
to people who have difficulty conceiv-
ing a child. (The first baby conceived
through in vitro fertilization is born in
England in 1978.)

1973

An expert on advanced composite
materials suggests that the cost of these
strong, lightweight, versatile materials
will decline, enabling them to move from
laboratories studying materials science
into the realm of everyday objects.

1974

“Computer Graphics in Architecture”
shows how an observer can “walk”
through a virtual building that exists
only in a computer’s memory. The vir-
tual building can be manipulated and
rendered as architectural drawings.

1976

An article describes “The Small Elec-
tronic Calculator,” a device that will for-
ever change the way schoolchildren and
others perform mathematics. The cal-
culators require only a single micro-
electronic chip.

1977

Scientific American describes the new
cruise missile, which uses radar and a
computer to follow an onboard elec-
tronic map to its target. The missile pos-
es a major cold war problem: arms-con-
trol observers cannot distinguish be-
tween nuclear and nonnuclear versions.

Alan C. Kay, writing about the per-
sonal computer, suggests that within a
decade many people will have access to
notebook-size computers that will han-
dle the tasks carried out by the large
computers currently in use.

& s 1978
y An article discuss-

: }j‘  esthe surgical replace-
1 i ment of the knee joint
{ with a device that imitates

L
»

complex natural motions.

1980

J

It is predicted that an
entire library’s worth of
books will soon be stor-
able on a single disk that
is written to and read
from by lasers.
An article describes
¢ M’J positron emission to-
] mography, a new way
to peer into the intricate workings of
the living human body. In 1982 anoth-
er noninvasive technique, nuclear mag-
netic resonance, is described as well.
1981
Robert K. Jarvik writes an article for
Scientific American detailing the devel-
opment of the Jarvik-7 artificial heart.

1985

Scientific American reports that bio-
technology may be helping law enforce-
ment. A group of British researchers
has found that the information carried
by particular segments of human DNA
is so specific to individuals that it can
be used with as much accuracy as fin-
gerprints for identification.

1987

Designers of the 12-meter yacht Stars
and Stripes, winner of the 1987 Ameri-
ca’s Cup, discuss the technology behind
their success. The design relies heavily
on computer modeling of water and
wind forces.

1990
Scientific American publishes an over-
view of technologies that may revolu-

tionize the automobile, including new
materials, advanced aerodynamics,
dashboard navigational systems and
“smart” roads.

The magazine describes methods for
an emerging medical technology known
as gene therapy that is about to be test-
ed in the first federally approved clini-
cal trial.

Development of technology for “ma-
nipulating and observing matter on an
atomic scale” is said to be a harbinger
of a new age of “quantum” electronic
and optical devices.

1991

In a single-topic issue, “Communica-
tions, Computers and Networks,” inno-
vators such as Michael L. Dertouzos,
Nicholas P. Negroponte and Mitchell
Kapor advise readers on how to work,
play and thrive in cyberspace.

Readers learn how scientists, using
“rational” or structure-based design,
custom-tailor drug molecules to exert
specific effects in the body.

1994

Images made by positron emission
tomography and magnetic resonance
imaging literally show the human mind
at work.

1995

Scientific American looks at technol-
ogy that aims to reproduce in aquatic
robots the extraordinary efficiency dis-
played in nature by swimming fish; the
results may one day be used to reduce
shipping fuel costs and increase the
maneuverability of ships in crowded
shipping lanes worldwide.

The magazine suggests steps that
can be taken now to ensure that the
digital records made today will still be
readable in the future despite the inev-
itable changes that will occur in hard-
ware and software.

1983
1974 .
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SCIENCE AND THE CITIZEN

The Treaty That Worked—Almost
Will the black market for CFCs short-circuit the Montreal Protocol?

s a rule, international environmen-
tal treaties tend to be poorly fo-
cused, rarely ratified and hardly
enforced. One notable exception—so
far—is the Montreal Protocol, a 1987
agreement ratified by 149 countries to
phase out production of the chlorofluo-
rocarbons (CFCs) that scientists have
convincingly implicated in the destruc-
tion of the earth’s ozone layer.
But a series of recent busts by feder-
al authorities has revealed a thriving

buildings in the U.S. But since 1986,
production of new CFCs in this country
has fallen 75 percent, thanks to the
Montreal Protocol; on New Year’s Day,
1996, it will cease altogether. Mean-
while federal excise taxes on new and
imported CFCs, which cost only about
$2 per pound to make, have grown to
$5.35 per pound and continue to rise.
The dramatically shrinking supply
and sharply rising taxes are supposed
to push people to replace or convert

TRANSITION from ozone-depleting CFCs to hydrogen-bearing HCFCs—used in mil-
lions of home air-conditioners—is threatened by a black market for CFCs.

black market for illicit CFCs that threat-
ens to slow significantly the transition
to less harmful substitutes in the U.S.
Although officials assert that they are
on top of the situation, they admit they
do not know the scope of the illegal im-
ports and cannot predict their growth:
agents estimate that in Miami the chem-
icals are second only to drugs in dollar
value. Some warn that contraband CFCs
will pose a larger problem for Europe.
CFCs are still used as refrigerants in
some 100 million cars, 160 million home
refrigerators, five million commercial
refrigerators and food display cases,
and 70,000 air conditioners for large

18

their cooling equipment so that it runs
on less harmful substitutes, which are
now widely available. But that transi-
tion is going slowly, and the skyrocket-
ing prices for CFCs create a huge incen-
tive for smuggling. “It’s very lucrative,”
says Keith S. Prager, a U.S. Customs agent
in Miami. “You can make millions.”
Indeed, six people in four separate
cases have been charged with attempt-
ing to smuggle a total of 8.166 million
pounds of CFCs into the U.S. without
paying the tax. (Five of the defendants
were convicted and may face prison
terms.) If sold at market price, that
quantity could net some $40 million.
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“We don’t really know how much is
coming in,” admits David Lee of the En-
vironmental Protection Agency’s strato-
spheric protection division. But eight
million pounds is equivalent to 10 per-
cent of the U.S.’s total legal production
of CFCs this year. Lee reports that “Du
Pont and AlliedSignal, two major CFC
producers, are complaining that they
simply cannot move their inventory,
even though you would expect a lot of
demand.” The market, the companies
charge, is flooded with contraband.

If, as some worry, the government is
no more effective at halting CFC smug-
gling than at interdicting drugs, then
10 times as much material gets through
as is intercepted. That fear is fueled by
the fact that the smugglers caught so
far all labeled their cargo properly as
refrigerant but falsely claimed that it
was destined for ports outside the U.S.
Probably many others disguise CFC cyl-
inders as those of other gases; they will
be harder to catch. If the analogy be-
tween CFCs and drugs is valid, in 1996
the black market may completely coun-
teract the effects of the ban.

There are, however, good reasons to
suspect that the worst will not happen.
“Many businesses have stockpiled
enough CFCs to keep their equipment
running for years,” says Edward W.
Dooley of the Air Conditioning and Re-
frigeration Institute. “And the market
for domestically recycled freon [which
is tax-exempt| is growing like topsy.”

More important, CFCs are generally
sold to businesses, which are unlikely
to invite a run-in with the Internal Rev-
enue Service by knowingly buying such
goods. And few building managers will
risk damaging $100,000 chiller units
by refilling them with coolant from an
unknown source. Analysis of seized il-
legal CFC-12, for instance, has revealed
that some samples contain up to 50 per-
cent more moisture and 1,000 percent
more contaminants than the industry
standard, points out David Stirpe, exec-
utive director of the Alliance for Re-
sponsible Atmospheric Policy.

“We’re more concerned with the au-
tomotive sector,” says Tom Land, who
is directing the CFC phaseout for the
EPA. “Fly-by-night mechanics working
out of the backs of trucks are not too
concerned with purity. Cheap, illegal
CFCs might seem too good of a deal on

Copyright 1995 Scientific American, Inc.



the street for some technicians to pass
up.” He points to one automotive air-
conditioning shop owner who was re-
cently charged with smuggling 60,000
pounds of CFCs from Mexico.

The EPA has a potentially powerful
weapon against such small-time cus-
tomers for bootleg CFCs: their com-
petitors. The agency has set up an 800
number as a tip line and has been pass-
ing on leads to the 1RrS. “It’s a dog-eat-
dog world, and if someone thinks their
competitor is obtaining CFCs at low
cost without paying tax, they are going
to fink,” Land says. “We’ve been getting
an average of three tips a week.”

Europe may have a harder time mak-
ing the Montreal Protocol stick. Cus-
toms officials believe that many of the

illicit CFCs entering the U.S. are pro-
duced in former Soviet bloc countries.
In May, Russia, Belarus, Ukraine, Poland
and Bulgaria all asked for extensions,
citing economic difficulties. Many in the
environmental community expect Pres-
ident Boris N. Yeltsin to announce for-
mally that Russia is not complying with
the treaty. It is not clear how other
countries would react.

If Russia falters, the rest of Europe
may find it difficult to comply as well.
Smuggling is always easier by land than
by sea. And despite the European
Union'’s adoption of a CFC manufactur-
ing ban one year earlier than the U.S.,
the U.S. has made more progress in
switching to CFC alternatives, EPA offi-
cials say. A number of American ex-

perts believe European regulators may
soon face quite a scare as they realize
that the transition will take longer than
expected. The resultant spike in de-
mand could lead to rampant growth in
the black market for CFCs.

Whether governments can bring the
traffic in CFCs under control may well
determine the future of the Montreal
Protocol. “We’ve been working under
the assumption that the ozone issue is
solved,” says Joseph Mendelson of
Friends of the Earth. “But none of our
models predicting when CFC releases
will peak and when the ozone hole will
close up take into account smuggling
and large countries that don’t comply.”
Those details may force planners back
to the drawing board. —W. Wayt Gibbs

Calculating with DNA

Genetic material solves mathematical problems

r I Yhis past year, several computer
scientists drew up plans for mak-
ing biochemicals solve problems

that stump even the mightiest of elec-

tronic machines. In these schemes, data
are represented by strings of DNA base
pairs instead of binary digits, and calcu-

lations are carried out by such common
manipulations as combining, copying
and extracting strands. The methods re-
main mostly untested. They are neither
obvious nor immediately useful. But the
fact that they could conceivably work
has caused quite a stir.

Indeed, some 200 researchers flocked
to Princeton University this past spring
to discuss the potential of biomolecular
computing. The field began last fall
when Leonard M. Adleman of the Uni-
versity of Southern California worked
out a test-tube solution to a variation of
the “traveling salesman” problem. The
challenge is to find a route between
some number of cities that stops at
each one only once. Adleman carefully

FIELD NOTES

The Most Dangerous
Animal

ask him about the hazards of his
fieldwork on South African rivers.
Why is not immediately clear: perhaps

Jay O’Keeffe smiles widely when |

JIM BRANDENBURG Minden Pictures
Y

it is from the pleasure of the brai, this
congenial cookout that H. Randall Hep-
burn, a dean at Rhodes University, is
hosting for his top scientists. Or maybe
he is eavesdropping, as | am, on an al-
cohol-amplified debate raging in the
kitchen on whether life was planted on
the earth by an alien civilization or an
infested asteroid.

But as O’Keeffe starts to answer, the
source of his smile becomes apparent:
| have given him the opportunity to re-
count one of his favorite stories. “This
happened a couple of years ago on the
Olifants River in Kruger Park,” he be-
gins. As director of the Institute for Wa-
ter Research at Rhodes, O’Keeffe spends
much of his time traipsing in the hand-
ful of rivers, most of them dammed and
polluted, that supply South
Africa with one of its most
precious resources. “A lot
of research is done in Kru-
ger, but it is a terrifically
dangerous place,” he says.
“The water is full of bilhar-
zia [a parasite that caus-
es schistosomiasis] and,
worse, crocodiles.

“Now, although we re-
searchers are all fully in-
formed theorists on all as-
pects of wild game, we haven’t a clue
about how to avoid being eaten or run
over. So it’s the unenviable job of a
large, cheerful chap named Gerhard
Strydom, the senior technical officer on
the Kruger Park Rivers Research Pro-
gram, to shepherd us around.

“One day Gerhard took several post-
graduate students out on the river in a

collapsible plastic boat of dubious sta-
bility. They threw a large seine net into
the water. The Olifants receives a lot of
effluent from mines outside the park,
and the researchers have been netting
fish to look at the accumulation of heavy
metals in various tissues.

“So Gerhard and the students began
pulling the net up over the gunwales
when all of a sudden they noticed that
along with the fish they had caught a
large crocodile. Everyone panicked. The
boat went rocking, and Gerhard pitched
forward into the net. With the croc.

“Now, there was really no danger—
the crocodile was more interested in
getting away than in biting anyone—
until one of the male students in this
tottering skiff pulled out a pistol he
had secreted on his person and began
blasting away in the general direction
of the reptile. Both Gerhard and the
croc immediately surrendered,” O’Keeffe
continues, throwing up his hands com-
ically. “One of the rounds actually hit
the animal, and it managed to get free
and swim away while Gerhard scram-
bled back into the boat,” he concludes,
pausing for a moment before giving the
moral. “The most dangerous thing by
far in Kruger is people walking around
carrying guns.” —W. Wayt Gibbs
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chose short DNA molecules to encode
for seven separate cities and sundry
possible legs of the trip. After seven
days and a series of laboratory steps,
only certain molecules remained in the
final test tube—those that traced out
the correct tour.

Although incredibly clever, the result
seemed less than compelling at first
glance. A computer can map the same
itinerary in seconds. And whereas digi-
tal computers lack the power to pro-
duce the proper path between, say, 100
cities, this experiment gave no real evi-
dence that DNA would do any better.
Moreover, many presumed the scheme
was simply well suited to this one prob-
lem. “No one thought you could do oth-
er kinds of computations without find-
ing new biochemical agents first,” says
Richard J. Lipton of Princeton.

Then, in April, Lipton described more
general molecular means for solving a
related puzzle called the “satisfaction”
problem (SAT). In short, SAT expres-
sions consist of logically connected
propositions (for example, “This city
has been visited”), any of which can be
true or false. The problem is to deter-
mine which propositions need to be
true for the entire expression to be true.

For an SAT having n variables, a com-
puter must search through 2" possible
solutions. So as the number of variables
increases, the required computing time
rises exponentially. Past a specific point,
a computer cannot, for certain, find the
answer.

Lipton’s plan theoretically holds
enough power to churn out exact solu-
tions to very large SAT problems. “Be-
cause a test tube can hold on the order
of 260 strands, you have available a huge
number of parallel computers, more
than we could ever dream about in a
silicon world,” Lipton explains. These
strands, taken together, could be put
through the motions of some billion bil-
lion operations at once. “[Lipton] has
shown that certain problems are partic-
ularly amenable to the DNA techniques
that are currently available,” Adleman
states. In addition to the SAT scheme,
Lipton and two graduate students have
since devised biochemical tactics for
cracking the National Security Agency’s
data encryption standard system.

Adleman is currently working with a
group of scientists from the University
of Southern California and the Califor-
nia Institute of Technology to try to
build a prototype molecular computer

to solve SAT problems. One major ob-
stacle they face is that these operations
are far from perfect; for large prob-
lems, errors in copying or combining
strands could accumulate. “We still
have a long way to go,” says David K.
Gifford of the Massachusetts Institute
of Technology. “The initial work is en-
couraging, but it is only based on one
experiment, and it only solved a partic-
ular class of problems.”

Even so, Lipton predicts that basic
applications of this research will soon
come about, including more efficient
means for DNA fingerprinting. Gifford
adds that perhaps biomolecular com-
puting might someday lead to “smart”
drugs, which would adjust their effects
after completing simple in vivo calcula-
tions. If all else fails, Adleman suggests
that the work may shed light on how
cells store and manipulate information.
He says it is too soon to tell whether
molecular computers will ever take off.
“I think the value of this journey,
though, does not depend on the an-
swer to that question,” he adds. “There
may be important connections between
biology and computer science; the
molecular computer is a vehicle for
finding that out.”  —Kristin Leutwyler

Ectoplasm Reigns

Don’t wipe your feet on microbial mats

hile looking for India, Christo-
pher Columbus made his first
New World landfall in the Ba-
hamas. Five hundred years later, in that
great tradition of exploration, intrepid
microbiologists also come to these is-
lands. These researchers are collecting
samples of microbial mats, known as al-
gal mats—the life-form with the longest,
if not the most distinguished,
lineage on the earth.
Biologists Hans W. Paerl
and James L. Pinckney of the
University of North Carolina
at Chapel Hill will poke
around in pretty much any
muck in search of these mats,
which can have the consis-
tency of gelatinous slime,
dried mud or anything in be-
tween. The scientists drive
the unpaved roads of the Ba-
hamas, jolted and jarred by
their ancient truck. They
clamber over treacherous
bluffs pummeled by the At-
lantic Ocean to find tidal
pools colonized by the algae.
And they wade into the sul-
furous, turbid waters of hy-
persaline lakes in their ener-
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getic search for the modern cousin of
primordial ooze.

Microbial mats—composed mostly of
cyanobacteria, or blue-green algae, and
diatoms—do not look like much in the
way of life, but they are remarkable. The
microscopic threads of algae weave to-
gether, forming a carpet. Each layer,
depending on its exposure to light and

!

SCIENTIFIC AMERICAN September 1995

Y

oxygen, performs a unique function in
what is a tiny, highly regulated, layered
ecosystem. Although it is not clear how
they form, the mats survive through
cooperation: different species of bacte-
ria photosynthesize as well as cycle ni-
trogen, sulfates, phosphorus and car-
bon dioxide. They cycle all nutrients in-
ternally, requiring only nitrogen, water
and sunlight from the outside.

Mat communities in different parts of
the world contain many of the same es-
sential elements, but each has a unique
structure. Various textures
have inspired nicknames such
as “ectoplasm,” for a particu-
larly mucilaginous mat, and
“brie,” for one covered with a
chalky white film. When cut
into tidy pieces for analysis,

MICROBIAL MATS, microscopic (left) and whole (right), provide clues to ecosystem dynamics.

Copyright 1995 Scientific American, Inc.

CONRAD NEUMANN



some mats resemble brownies, pink
erasers or that meat loaf sitting in the
refrigerator since last May.

The mats’ biodiversity may be their
ticket to the future. “Someday they may
be used in space stations to regenerate
oxygen,” Paerl says. Easily cultivated be-
cause they need virtually no nutrients,
microbial mats are used experimentally
to purify water in effluent holding ponds
and in waste treatment plants in the U.S.
They can break down complex organic
molecules, such as petroleum hydro-
carbons and pesticides, and fulfill an-
aerobic biochemical needs, such as deni-
trification and metal dissolution.

As if these self-sufficient entities were
not talented enough, some even make

rocks. The bacteria precipitate calcium
carbonate out of seawater, which causes
the mats to turn slowly to stone. The
oldest known fossils, about three billion
years old, called stromatolites, are bul-
bous masses of calcified cyanobacteria.

The mats also serve as models for
studying the dynamics of bigger eco-
systems, not least because they fit in a
laboratory. “All the major biogeochem-
ical cycles and biological food webs oc-
cur within the upper few millimeters of
microbial mats,” Paerl notes. “It would
be analogous to squeezing a few hun-
dred hectares of rain forest or several
coral reefs into a tiny jar.” He and Pinck-
ney have been using mats to understand
the processes that lead to devastating

problems such as algal blooms and
oxygen depletion in estuaries.

Such environmental relevance is by
no means limited to the present. During
the Precambrian era, the first three bil-
lion years of the earth’s history, blue-
green algae reigned. In that period cyano-
bacteria infused the atmosphere with
oxygen and extracted enough carbon
dioxide to make the planet hospitable
to other beings. As a consequence, the
algae ended their own dominion—at
least, for now. Pharmaceutical, agricul-
tural, biotechnological, nutritional and
other uses for the goo are being ex-
plored. Someday it may be everywhere;
you might even eat shredded microbial
mat for breakfast. —Christina Stock

New Letters for Alphabet Soup

The number of amino acids—the basis for all proteins—just grew

r I Yhe work of proteins in every cell
membrane, in every gene regula-
tor and in every enzyme—not to

mention in hundreds of other cellular

activities—depends on just 20 amino
acids. Like the letters of an alphabet,
these compounds combine in various

ways to form all the proteins we know.
Although scientists have envisioned cre-
ating countless unnatural amino acids,
until now they have been at a loss as to
how to get them into proteins in the liv-
ing cell.

Researchers from the California In-

stitute of Technology now say they can
add more characters to the alphabet.
The ability to integrate new kinds of
amino acids into proteins could lead to
different forms of pharmaceuticals and
to greater understanding about the in-
ner workings of cells and genes—basi-
cally, anything to do with proteins.

For about a decade, scientists have
been able to alter proteins by replacing
one natural amino acid with another.

Boot Camp for Surgeons

magine trying to grasp an object with a pair of
foot-long chopsticks. Think about doing this with-
out looking at the object directly. Rather squint at
the tip of each stick displayed in a picture on a color
television. Finally, consider that the objects ;\ _}

A

you are looking at are someone’s gallblad-
der or spleen.
Welcome to the hoary world of
the laparoscopic surgeon. Lap-
aroscopy is a revolutionary technique
that allows surgical instruments and
a camera to travel into the body
through small incisions. Because it
is less invasive than ordinary sur-
gery, patients can leave the hospital
within one or two days, rather than
a week. But studies have pointed to
insufficient training in laparoscopy that can lead to bleed-
ing, infections and hernias.

So what should surgeons do to improve their laparo-
scopic technique? Go to boot camp. That, at
least, was the idea of James C. “Butch” Ross-
er, Jr., a 6' 5", 300-pound-plus drill sergeant
type who may be considered by some of his
colleagues to harbor a sadistic sense of humor.
Rosser, director of endolaparoscopic surgery
at Yale University School of Medicine, con-
ceived of a camp in which surgeons’ skills
would improve after playing a set of
hellishly difficult games.

Take Slam Dunk, for instance. This timed

)

I

%_ixercise requires that a recruit use the nondominant

? : il of which is hidden inside a box. The surgeon, who

hand to pick up black-eyed peas with a grasper,
miniature tweezers attached to a long shaft, the end

watches the position of these mechanical digits on a
screen, must then manipulate the handle at the oth-
er end of the shaft to move the pea and drop itin a
tiny hole. Or experience
the Terrible Triangle:
surgeons use a curved nee-
dle to catch a loop attached

to the top of a wooden tri-

angle. When they are not

engaged in play, campers

= =L
=)
F:_—; o
may be learning mind-con- QL

ditioning skills. “Controlled H

arrogance,” for example, purports to teach

them the confidence to face any eventuality in the operat-

ing room.

Rosser believes a graduate of boot camp should be able
to maneuver laparoscopic tools equally well with

C =

both hands while observing the implements on
a screen. “We have to get those lazy left hands
off welfare and working for a living,” he quips.
The rigors of pea pinching and rope grab-
bing have been confronted by 400 trainees
so far. Dropping a few peas is nothing
compared to inadvertently severing a pa-
tient’s bile duct. That’s the reason that
no one winces when Rosser asks: “Slam
Dunk, anyone?” —CGary Stix
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Strands of DNA—which dictate the
makeup of every protein in the body—
consist of a series of nucleotides. Three
nucleotides together form a codon; this
unit, in turn, specifies which of the 20
natural amino acids to include. A mole-
cule known as transfer RNA delivers
this amino acid to the protein undergo-
ing construction. By switching codons,
researchers have been able to change
the amino acid that was produced—but
they had only 19 alternatives.

The possibility of tampering with this
process—and thereby putting novel ami-
no acids into proteins—arises because
three codons do not correlate with one
of the standard 20 options. A special
transfer RNA molecule carrying any
amino acid can be designed to recog-
nize one of these codons. So whenever
such a codon appears in the instruc-
tions for building a protein, the special
transfer RNA molecule carries its ac-
companying amino acid—natural or
unnatural—to the protein.

Because cells cannot make altered
transfer RNA, the challenge was figur-
ing out how to introduce the RNA into
them. Several years ago Peter G. Schultz
of the University of California at Berke-
ley put unnatural amino acids into pro-

teins—but his approach worked only in
the test tube. Then, earlier this year, the
Caltech group, led by Dennis A. Dough-
erty and Henry A. Lester, announced it
had succeeded in living cells. The inves-
tigators transplanted a receptor protein
that is involved in muscle function—
and possibly nicotine addiction—from
a mouse into a frog egg. Frog eggs are
large enough to permit the direct injec-
tion into the cell of transfer RNA carry-
ing an unnatural amino acid. The team
plans to introduce altered transfer RNA
into mammalian cells.

The new technique provides an “ex-
quisitely sensitive probe to look at the
functions of proteins” within the cell,
Lester says. Because scientists can de-
sign unnatural amino acids to order,
they can now alter proteins in many
highly specific ways to determine which
structures augment or diminish a pro-
tein’s function. Numerous drugs inter-
act with proteins in the cell membrane,
a dynamic coupling that is best studied
within a cell. According to Schultz, re-
searchers have not learned much at the
molecular level about these areas yet,
mainly because they have not been able
to manipulate proteins with much flex-
ibility until now. —Sasha Nemecek

Complexifying Freud

Psychotherapists seek inspiration

pensers on one side and stingy

insurers on the other, therapists
who believe the psyche can be healed
through understanding alone may find
themselves a bit on the defensive these
days. In spite, or because, of these
pressures, a few ministers of the mind

S queezed by fast-fix Prozac dis-

in nonlinear sciences

are seeking links between their tradi-
tional sources of guidance—notably
Freud—and more current (not to say
trendy) scientific ideas.

One result is meetings such as the
First Mohonk Conference Dedicated to
the Self-Organizing Psyche: Nonlinear
Contributions to Psychoanalytic Theo-

CONTEMPLATING CHAOS THEORY may help therapists glean insights about the
mind, according to Jeffrey Goldstein of Adelphi University.
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ry and Practice, held recently at a re-
sort in upstate New York. Some 30
therapists and others while away a
weekend discussing such esoterica as
chaos, complexity and nonequilibrium
dynamics. (To paraphrase Louis Arm-
strong, if you have to ask what these
concepts are, you'll never know.)

One of the organizers is Jeffrey Gold-
stein, a psychologist at Adelphi Univer-
sity and president of the five-year-old
Society for Chaos Theory in Psychology
and the Life Sciences. The point of the
meeting, Goldstein says, is to provide
therapists with new metaphors and
analogies rather than with ways to
make their mental models more mathe-
matically rigorous.

During his talk, Goldstein notes how
Freud, influenced by the physics of his
day, thought the job of the analyst was
to help patients achieve greater stabili-
ty, or equilibrium. But chaos theory,
Goldstein says, suggests that many sys-
tems never achieve equilibrium but
keep shifting between an infinite vari-
ety of different states. The good news,
he adds, is that chaotic systems, when
prodded by even very subtle forces, can
achieve higher forms of “self-organiza-
tion.” In the same way, Goldstein sug-
gests, therapists may help prod patients
into healthier, more self-aware states.

After Goldstein’s presentation, sever-
al audience members wonder aloud
whether the goal of psychotherapy is to
induce or disrupt equilibrium in their
patients. One questions the ethics of
deliberately disrupting a patient’s equi-
librium, while another counters that
too much equilibrium can lead to men-
tal paralysis or catatonia. The debate
spurs one attendee to recall Ludwig
Wittgenstein’s warning about “the be-
witchment of language,” its power to
obscure as well as to illuminate.

That point is underscored when a
woman asks Goldstein whether the
term “attractor,” with which he peppers
his speech, is related to sexual attrac-
tion. Goldstein replies that he hates to
say, in front of so many Freudians, that
anything is not sexual, but in fact “at-
tractor” refers merely to a mathemati-
cal pattern of behavior into which sys-
tems tend to lapse.

Alan Stein, a Manhattan-based psy-
choanalyst who helped Goldstein orga-
nize the conference, then discusses
some analogies between neo-Freudian
theory and ideas from nonlinear sci-
ence. At one point, Stein, while discuss-
ing what he calls the PS (for paranoid-
schizoid) condition, says “BS” instead
of “PS.” Although he immediately cor-
rects himself, several listeners at the
rear of the room exchange meaningful
glances. Can a psychoanalyst convince
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a roomful of other psychoanalysts that
his slip of the tongue is really just that?

The audience nonetheless seems fas-
cinated by Stein’s thesis, which is some-
what darker than Goldstein’s. The les-
son of nonlinear science, Stein opines,
is that no one can ever really “know”
anyone else, because the mind con-
stantly shifts between different states;
nor can an analyst be sure how his or
her ministrations will affect a patient,
because minute effects can have enor-
mous and unpredictable consequences.
But recognition of these facts, Stein
says, may make therapists more hum-
ble and thus, paradoxically, more effec-
tive at helping patients.

One listener asks whether a therapist
might aid a patient simply by doing or
saying nothing. Stein nods. Another au-
dience member recalls a patient who be-
gan to improve after deciding to spend
her therapy sessions sitting alone in her
car in her therapist’s driveway.

After the meeting, Goldstein and Stein
both say they are pleased with how it
went. “We're going to do it again next
year,” Stein says. He acknowledges that
managed-care officials might be skepti-
cal of the chaos-inspired therapy he ad-
vocates. Nevertheless, “I don’t think Pro-
zac is going to help everybody either,”
he declares. —John Horgan

One Good Pest Deserves Another
Insects are imported to kill an imported tree

t the turn of the century,
Floridians introduced the
melaleuca tree into the
Everglades, hoping it would dry
out the mosquito-infested wet-
lands. With no enemies in the
U.S., the evergreen tree from
Australia thrived. Now residents
are once again turning Down
Under for help: this time seek-
ing insects that eat melaleucas.
Researchers at the U.S. Depart-
ment of Agriculture recently an-
nounced that they have finally
identified an insect they believe
will not harm what is left of the
Everglades.

The insects had to be called
in because the melaleuca did its job too
well. The tree crowded out native plants,
and the altered ecosystem could not
support the same diversity of indigen-
ous wildlife as the natural system. Fur-
thermore, melaleuca forests drink four
times more water than the plants they
replaced, and water is in short supply
in southern Florida. To slow the prolific
trees, workers have hacked, sprayed
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AUSTRALIAN WEEVILS feast on melaleuca, the
tree that ate the Everglades.

and uprooted. Yet the melaleuca spreads
nearly 50 acres every day.

So in the late 1980s, scientists turned
to biological-control programs, which
reunite exotic species with their natu-
ral-born enemies, explains Gary Buck-
ingham of the USDA. Buckingham leads
the insect quarantine facility in Gaines-
ville, where two Australian bugs are be-
ing screened for use against the mela-
leuca. These tests examine whether the
insects feed or lay eggs on other plants
found in Florida, as well as how well
larvae survive on other hosts. Bucking-
ham expects to finish tests of one of
the insects, the Australian weevil (Oxy-
ops vitiosa), this fall. The results will be
reviewed by a panel at the Animal and
Plant Health Inspection Service, a divi-
sion of the USDA. (To date, the USDA
and several universities have released
nearly 1,000 bugs to control pests.)

Ted D. Center of the USDA expects
the panel to approve the insects for re-
lease but says the process could take
as long as a year. Nevertheless, he is
confident about the outcome of the lab-
oratory tests. “We’re good at predicting
safety,” he comments.

Predicting effectiveness is another
problem altogether. Because the insects
work slowly, it can take years to assess
whether biological control has succeed-
ed. Richard A. Malecki of the National
Biological Service helped to introduce
the European leaf beetle to control pur-
ple loosestrife, an import from Europe
that has taken over wetlands through-
out the northern U.S. and southern Can-
ada. In 1992 the first insects were re-
leased. Malecki now reports “small,
scattered success stories,” yet he ex-
pects that if the bugs do have a nation-
wide impact on the loosestrife, it will
not be apparent for 15 to 20 more years.
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The Florida program is slowed not
only by nature but also by money, which
has steadily dried up since 1991 —per-
haps because people are wary of im-
ported plants and animals. Recently
there has been a flood of publicity about
how unintended introductions of exot-
ic species harm the environment. Al-
though Buckingham calls such reports
important, he feels that biological con-
trol is “our only choice,” because “there
is not enough money to spray, there are

not enough safe chemicals to use and
there is no way mechanically to control
these widespread pests successfully.”
Robert F. Doren of the Everglades Na-
tional Park points out that none of the
numerous insects released by the UsDA
for biological control has ever harmed
anything except the intended targets.
“When you test and evaluate species
carefully,” he says, importing a com-
mon Australian expression, “you have
‘no worries.”” —Sasha Nemecek

Lobster Stew
Dredging and reducing sewage

to be served up on the tables of

Boston’s famed seafood restaurants
seems almost as inconceivable as, say,
the Red Sox winning a World Series. But
it could happen, some local experts in-
sist, if two large planned projects have
as much of an impact on the ecology of
the city’s harbor as they fear.

That Boston Harbor has an ecology
may come as a surprise to some, but
the bustling inlet supports a thriving
lobster fishery. In fact, it accounts for
30 to 40 percent of the lobster catch
every year in Massachusetts waters; to-

I mporting lobsters from out of state

may threaten a Boston harvest

gether Massachusetts and Maine pro-
vide three fourths of the 26,000 metric
tons of Atlantic lobster caught in east-
ern U.S. waters. The projects that could
affect the fishery—both of which are
scheduled for the next couple of years—
are the dredging of some shipping
channels and berths, and the rerouting
of sewage outflows.

Of the two, dredging has provoked
the most concern. The project will scoop
up three million cubic meters of sedi-
ments, known as spoils—roughly one
third of which is thought to be so heavi-
ly laden with PCBs, metals and hydro-

carbons that federal regulations pro-
hibit dumping it in the open ocean.
Disposal in a landfill was deemed too
costly, leaving project backers to find a
place in the harbor where a pit could be
dug and spoils redeposited and covered.

One of the results of dredging is that
sediment is dispersed to a distance of
about 500 meters, explains Judith Ped-
erson of the Massachusetts Institute of
Technology’s Sea Grant College Program.
Sediments eventually settle, but before
they do, it is believed they hurt marine
life. “It has always been our contention
that it doesn’t make any sense to be
dumping heavily contaminated dredge
spoils in a viable commercial lobster
fishery, in hopes that dilution will take
care of the problem,” says Bruce T. Es-
trella of the Massachusetts Division of
Marine Fisheries. With lobsters, the
main concern is for the more vulnera-
ble larvae; their loss would have long-
term impacts on the fishery.

The problem, according to several re-
searchers, is that the project’s backers—
the U.S. Army Corps of Engineers and
the Massachusetts Port Authority—have
no plans to monitor sea life during the
dredging. Even if they did, it is not clear
it would help, Pederson says. “If the lar-
vae are in the harbor, they’ll be adverse-
ly affected. But I don’t think anyone
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even knows where the larvae that sup-
port the Massachusetts lobster fishery
originate,” she notes. According to Cath-
erine Demos of the Army Corps, lob-
ster and fin-fish populations at several
sites in the harbor were surveyed last
autumn, mainly to determine which
places had the fewest creatures and
would be most suitable for the spoils.
A more immediate consequence for

the local seafood industry would result
if higher levels of toxins—especially
PCBs and mercury—are found in the
harbor’s bounty. Lobsters are routinely
checked by the state’s Division of Ma-
rine Fisheries and by the Massachusetts
Water Resources Authority. The con-
taminants in the flesh are typically be-
low federal limits for people other than
small children or pregnant women. But

LOBSTER COMPANY, dwarfed by Bos-
ton’s skyline, may lose its catch if two
plans for the harbor are adopted.

PCBs in the tomalley, a liverlike organ
that is a delicacy to some, are often
above the limit of two parts per million
in harbor lobsters.

Dredging is not the only big change
in the offing. Sewage outflows into the
harbor totaling about 375 million gal-
lons a day are to be rerouted to a diffus-
ing pipe about 15 kilometers offshore.
A net benefit for harbor-dwelling crus-
taceans? Maybe, because it seems likely
to reduce the incidence of certain bac-
teriological gill and shell diseases.

But, then again, maybe not. As omniv-
orous creatures, lobsters are thought to
find sustenance in sewage. “When the
sewage outflow is redirected offshore,
there will be a decrease in productivity
in the harbor,” says Leigh Bridges of the
Division of Marine Fisheries. In the long
term, there will be some discernible re-
duction in the lobster population, Bridg-
es argues.

Adult lobsters around the future off-
shore outflow might benefit, but Joseph
Ayers of Northeastern University’s Ma-
rine Science Center worries about toxic
effects on the larvae. The state’s Water
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Resources Authority has disclosed that
it will test effluent by exposing shrimp
to it. If at least half die, the authority
will take unspecified countermeasures.
“It’s absolutely nuts,” Ayers says.
Michael S. Connor of the Water Re-
sources Authority replies that regula-
tions permit the 50 percent shrimp
mortality rate because under operating
conditions the diffusing system will
greatly dilute the effluent with seawa-
ter. Connor adds that although lobsters
will lose a source of nutrients, they will
benefit from higher levels of dissolved

oxygen.

Other researchers argue that the loss
of sewage would only exacerbate a much
broader decline caused by commercial
fishing. Recent assessments for the New
England Fisheries Council have conclud-
ed that lobsters in the Gulf of Maine,
which includes Massachusetts Bay, are
being overfished by at least 20 percent.
“When we were collecting lobsters for
our survey several years ago,” says Gor-
don T. Wallace of the University of Mas-
sachusetts at Boston, “we had a hard
time finding any of legal size. Basically,
as soon as they're legal size, they're
gone.” —Glenn Zorpette

Hide-and-Seek

Ebola—and the funds to study it—eludes researchers

‘ ‘ [ henever the Ebola virus emerg-
es from its hiding place, as hap-
pened this past spring near

Kikwit in Zaire, scientists rush to help

its victims and halt its spread. At that

point, though, it is often too late to dis-
cover from where the virus came. Ebola
kills so quickly that it leaves few tracks.

The index case—the person who first

encountered the virus and then passed

it on to others—is typically dead. And

so it is between outbreaks that research-
ers have searched in earnest, trapping
and testing every living thing in sight.
This quest may now seem harder than
before. A team at the U.S. Centers for
Disease Control and Prevention recent-
ly analyzed viral strains isolated from
Zaire, Sudan, Ivory Coast and Reston,
Va., and compared the gene sequences
encoding for viral surface molecules
called glycoproteins. The workers, who

submitted their findings to a respected
science journal this summer, report that
the strain responsible for the latest out-
break in Zaire nearly matches the strain
that caused a similar incident there in
1976. “That is remarkable when you
consider that these two outbreaks were
separated by some 19 years and 1,000
kilometers,” says lead author Anthony
Sanchez.

The lack of any significant mutations
over such time and distance indicates
that the virus “has been in the same sta-
ble niche for a very long time,” explains
Jean Paul Gonzalez of Yale University.
In addition, it suggests that the host—
the animal that harbors the Ebola virus
and yet is not susceptible to the hem-
orrhagic fever it causes in primates—
probably does not migrate. “The host is
not causing or experiencing any ecolog-
ical change,” adds Eugene G. Johnson
of the U.S. Army Medical Research In-
stitute of Infectious Diseases. “If it’s
that focal and stable, you're not going
to find it easily sitting around a table
discussing theoretical possibilities. If
you're not right on top of it in Africa,
you will miss it.”

And therein lies a second challenge.
Those scientists willing to hunt for the
host are having trouble raising the funds
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to do so. “A number of rec-
ommendations were made
to look for the reservoir
back in 1976, but Ebola
was not a priority for most
agencies and then HIV/
AIDS hit,” states Joel Bre-
man of the John E. Fogarty
International Center at
the National Institutes of
Health, who was in charge
of the epidemiological in-
vestigations during the first
outbreak in Zaire in 1976.
The center is developing an
emerging infectious dis-
eases program, building on
resources from an existing
one devoted to HIV. “The
main impediments now are
threatened decreased fund-
ing through both the NIH and CDC sys-
tems and decreased support for inter-
national efforts through Congress.”
The World Health Organization will hold
a meeting at the end of this month, he
adds, “to identify what needs to be
done, who is going to do it and how we
are going to get the resources—the lat-
ter two being a lot harder.”

Gonzalez has spent three years col-
lecting money—most of it from the Eu-

.
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PYGMIES in Lobaye, a district in the Central African Republic, are
probably exposed to the Ebola virus reqularly.

ropean Union—to return this fall to Af-
rica, where he and Johnson have made
some promising observations. A signifi-
cant number of serum samples drawn
from pygmies in Lobaye, a district in the
southern part of the Central African Re-
public, some 1,000 kilometers north of
Kikwit, carried antibodies to the Ebola
virus—demonstrating that the pygmies
have at some point been exposed to
the virus. Those tribes having relatively

many members who are
seropositive very likely
come into contact with the
virus’s host or some other
vector on a regular basis.

“We need to under-
stand their relationship
with the environment,”
Gonzalez says. Some of
the tribes live in the for-
est during the rainy sea-
son, some during the dry
season, and they all have
slightly different subsis-
tence strategies. The ulti-
mate goal is to find the
common  denominator
among these groups. It is
no small task, but the re-
ward could be great.
“These people have lived
with this disease for a very long time,”
Johnson notes. “They probably have
means of treating and avoiding it that
we just aren’t aware of yet.”

To overcome cultural barriers, Gon-
zalez has enlisted the help of an an-
thropologist. “We need more than typi-
cal virology and serology to solve this,”
Johnson adds. Even if they locate the
source, he suspects it will cause little
change in Africa.
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“Finding the reservoir is more of a
scientific curiosity than a public health
mission,” Johnson states. “These people
have more to worry about than a dis-
ease that kills some 300 people every 25

years.” But a better understanding of the
virus could certainly save lives. And on
a more fundamental level, it will grant
scientists deeper insight into the evolu-
tion of viruses. —Kristin Leutwyler

Common Scents

Using dogs to track, well, everything

retriever able to detect minute
quantities of cocaine enters a
warehouse filled with the nar-
cotic and does nothing. A beagle skilled
at finding food tucked in travelers’ lug-
gage ignores a bag oozing with 500 ripe
mangoes. But then there are “dogs that
will alert to drugs three decks up on a
ship or five to six stories up on a build-
ing,” says Carl A. Newcombe, director of
the Canine Enforcement Training Cen-
ter for the U.S. Customs Service.
Apocryphal though they sound, these
tales are true, and they raise tantaliz-
ing questions about exactly what detec-
tion dogs can smell. The short answer
is: no one knows for sure. But as the
number of dogs used to find everything
from arson to termites skyrockets, re-
searchers are increasingly attempting
to decipher dog olfaction. An unusual
line of perfumes—the pseudo scents—
has also been developed to aid trainers.
Traditionally, dogs have tracked game
and people, even snuffled the earth for
culinary delights, such as truffles, or for
deadly mines. During the Vietnam War,
trainers began to tune the canine nose
to more exotic targets such as narcotics
and an expanding repertory of incendi-
ary devices and explosives; wars on
drugs and terrorism sped up the trend.
Dogs are cheaper, more maneuverable
and often more accurate than machines.
Accordingly, dogs can be seen search-

ing for just about everything. Although
no one keeps count, the number in-
volved in this work in the U.S. reaches
into the thousands, if one includes dogs
employed by the police and the military
as well as by search-and-rescue squads.
(Specialized in finding disaster victims
and lost individuals, those dogs received
national acclaim in the wake of Hurri-
cane Andrew and the Oklahoma City
bombing.) The Customs Service alone
has 433 canine teams.

The U.S. Department of Agriculture
organized the Beagle Brigade in 1984 to
patrol airports and international postal
depots for contraband fruits and meat.
The secreted foodstuffs can carry in-
sects or contaminants that may threat-
en the nation’s multibillion-dollar fruit,
beef and pork industries. The beagles
are so efficient that about 44 teams
work nationally.

The success of these public-service
dogs, along with improved training tech-
niques, has inspired people to produce
canines that can sniff firearms, gypsy
moths, brown tree snakes stowed away
in cargo bound for Hawaii, petroleum
leaking from underground pipelines,
money and the residue of chemicals
used in arson. The stakes are often
high. In 1993 arson, for instance, cost
560 civilians their lives and insurance
companies and consumers $2.4 billion.

How exactly the dogs do their work

DETECTION DOGS are increasingly being used to catch contraband and criminals.
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remains a mystery. According to Law-
rence J. Myers, founder of the Institute
for Biological Detection Systems at the
Auburn University School of Veterinary
Medicine, the animals appear to follow
a scent along a gradient to its source.
The odor emanates from, say, a mango,
in a plume that dissipates as it drifts
away. The dog picks up the scent—
whether a particular component or the
whole brew is unknown—when its nose
enters that plume. It tracks by follow-
ing slight changes in intensity to the
source, a task complicated by the fact
that scent spreads in clumps and clus-
ters, not uniformly. Exactly how slight
the variations can be before the dog
loses the scent is unclear and doubt-
less varies from dog to dog.

Myers says his hypothesis can ac-
count for the failure of some dogs to re-
spond when confronted with a large
amount of mangoes or whatever. “If
you have a very large source instead of
a point source, the concentration would
be high over a large area, and the dif-
ference in intensity would be very low,”
he explains. “In proximity, the dog
would then have no gradient to follow.”
Awash in scent, it does nothing.

Generally, the animals are trained with
the substances they are seeking. But be-
cause human cadavers are difficult to
obtain, drugs are too tempting to keep
around and explosives are dangerous,
some trainers use substitutes. These
pseudo scents are concocted at home or
purchased from Sigma Chemical Com-
pany—the only U.S. maker of such prod-
ucts. Patricia A. Carr of Sigma says the
company started the business five years
ago, when asked to produce pseudo co-
caine and pseudo heroin to train dogs.

Sigma’s inventory includes substanc-
es known as “pseudo distressed body”
(for training animals to find victims of
trauma), “pseudo corpse” (for buried
bodies), “pseudo drowned victim” (ob-
vious), “pseudo explosive” (for bomb
detection), and “pseudo narcotics,” with
LSD and methamphetamine on the way.
Many police trainers believe pseudo dis-
tressed body actually resembles what
they call “fear scent”—an odor they
claim is secreted by people fleeing the
scene of a crime. Yet no scientific evi-
dence confirms the street lore.

For all the good news, there is some
unease. Many trainers worry that the
field is attracting others with marginal
skills who in their quest for profit—
prices range from $6,000 to $12,000
per dog—are cutting corners. The advo-
cates support certification for dogs and
humans—and more studies on smell.
“Dogs really are effective,” Myers notes.
“But we don’t know fully how to opti-
mize their talents.” —Mark Derr
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Silence of the Genes

A new view posits evolution in terms of static reduction in DNA

he best-laid plans for mice and
I men use about the same number
of genes. Both the human and
mouse genomes contain roughly equal
numbers of functional genes—some
80,000, according to current estimates.
On the other hand, the few inverte-
brates for which ballpark numbers exist
appear to have many fewer genes. Not
surprisingly, bacteria have fewer still

After contemplating those numbers,
Adrian P. Bird of the University of Edin-
burgh developed a hypothesis, recently
published in Trends in Genetics, that
could add a new twist to views about
evolution. It will certainly also raise a
few eyebrows. According to Bird, we are
here today for the same reason we pre-
fer one stereo system over another: bet-
ter signal-to-noise ratio.

Assuming that the number of func-
tional genes an organism uses is a valid
indicator of its complexity, Bird con-
cluded that innovative mechanisms al-
lowing for better signal-to-noise ratio
in DNA processing drove evolution’s gi-
ant steps. Prokaryotes were stuck until
they developed a way to accommodate
the new genes they needed to become
eukaryotes. Later, a novel, complemen-
tary noise-reduction mechanism per-
mitted the transition from invertebrates
to vertebrates. “This is a fairly rea-
soned bit of speculation,” says W. Ford
Doolittle of the Canadian Institute for
Advanced Research in Nova Scotia. “I
think it’s an interesting idea, and I
think it’s probably a new idea.”

Any genome is constantly tossing up
gene duplications that could occasion-
ally mutate into something handy. “The
point is that they’re duplicating useless-
ly because they perhaps exceed the
number of genes that that particular or-
ganism can usefully choreograph,” Bird
explains. (Think of the episode of I
Love Lucy with Lucy and Ethel on the
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chocolate factory assembly line.) At-
tempts by a prokaryote or an inverte-
brate to use newly available genetic
material would have been thwarted by
creeping errors. Rather than lethal mu-
tations, the mistakes would have been
transcriptional. The gunk, or noise, mud-
dying the signal of useful DNA products
could overwhelm the system—organ-
isms attempting to use the new genetic
material would not survive.

The noise reduction responsible for
the rise of vertebrates, Bird says, would
have been a chemical tinkering with
genes: the methylation of cytosines (one
of the building blocks of DNA), an ex-
cellent technique for preventing gene
transcription. In invertebrates “there’s
a small fraction of methylated DNA,
and it appears to contain mostly ju
Bird notes. In the vertebrates, “you sud-
denly have 95 to 98 percent of the
genome methylated.”

Whereas most biologists give methyl-
ation credit for turning off inappropri-
ate gene expression, Bird thinks such a
role in vertebrates represents fine-tun-
ing that happened late in the story.
“The genome is full of cryptic promot-
ers,” Bird says. “If you take these pieces
of DNA and put them into cells, they
can work as promoters, even though
there’s no gene anywhere near.” Meth-
ylation serves, in his view, to shut down
“these dribbly little promoters that oth-
erwise would just mess things up.” New
genes could come into being, but extra
noise could be squelched and beneficial
new signals put to good use.

As for the transition from algae and
bacteria to more complex organisms,
Bird proposes an ancestral prokaryote
with simple versions of the DNA-asso-
ciated proteins characteristic of eukary-
otes. These proteins would protect
against spurious transcription and al-
low safe acquisition of new genes. All
other differences be-
tween prokaryotes and
eukaryotes, Bird main-
tains, would flow from
“the ability to make use
of more genes.”

The numbers Bird re-
lies on for his hypothe-
sis are perhaps too few.
Decent estimates of gene
numbers exist for only a
few organisms, but they
give the impression of
distinct ranges: the low
numbers bandied about
for vertebrates are at
least 50,000, whereas the

A

PUFFER FISH is distantly related to mammals but is clos-
er in gene number to them than it is to invertebrates.
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highest estimate Bird found for an in-
vertebrate is 25,000. Another disconti-
nuity may occur between eukaryotes,
with a low of about 7,000 for yeast,
and prokaryotes, with a likely average
of about 2,600.

Bird, who has been right often enough
to be elected a Fellow of the Royal Soci-
ety, is happy to give up his theory in the
event of one of two findings. Uncover-
ing a critter with an intermediate num-
ber of, say, 37,000 genes “would proba-
bly blow the whole thing out of the wa-
ter,” Bird admits. Also, “if one finds that
transcriptional noise is as great in a
Drosophila [fruit fly] as it is in a verte-
brate, then the hypothesis is disproved.”

The basic assumption, that gene num-
bers reflect complexity, is also prob-

lematic for some. Bird recalls that a re-
viewer for Nature, which rejected the
paper before Trends in Genetics pub-
lished it, said the mere idea that verte-
brates are more complex than inverte-
brates could start fights in pubs. “It’s
hard to get complexity separated from
progress,” Doolittle adds. “None of us
really want to talk about progress. But
somehow Mozart really is more com-
plicated than E. coli.”

So why open himself up to bar
brawls? “My motivation behind the
whole thing was to put theories on the
agenda,” Bird declares, “instead of just
simply foraging for data.” Doolittle,
whose enthusiasm for Bird’s notions has
increased, likes that attitude. “Frankly,”
he says, “I don’t think there are enough

[speculative papers]. Biology, and par-
ticularly molecular biology, has become
a very hard enterprise where many peo-
ple will say, well, that’s speculation, I
just deal with data.” Doolittle adds that
understanding why things work one
way is often the much more interesting
question: “To me, that’s where the in-
tellectual excitement comes. Otherwise,
we're just mechanics.”

And if Bird should be proved wrong?
“One [reviewer] said, “This is very inter-
esting. I don’t believe a word of it." One
shouldn’t regard it as a comment on
one’s validity as a human being that
one proposes a hypothesis that in the
end turns out to be wrong,” he asserts.
“It’s actually the way in which science
works.” —Steve Mirsky

roviding one of

the only remaining
sources of hard curren-
cy, petroleum is the
lifeblood of the former
Soviet Union. But like
blood in a critical artery,
crude oil flowing by
pipeline cannot be shut
off without some conse-
quences. So when a line
connecting Moscow to
the Vozey oil field in
the northern Komi Re-
public started hemor-
rhaging last year, man-
agers at Komineft, the

Like a Sieve

infrastructure (below).
Leaks such as the re-
cent one have for years
been the norm. Steven
Zoltai of Natural Re-
sources Canada visited
the site this past De-
cember. As large as the
spill was, he notes, it
was pretty much busi-
ness as usual: “The lo-
cals don’t understand
what all the fuss is
about.”

According to Mat-
thew J. Sagers of Plan-
Econ, a consulting firm

pipeline’s operators, were reluctant to close it down. And
assault on the Arctic environment (above) went on and on.

The incentive to keep oil flowing was enormous: not
only would an interruption cost dearly in the short term,
but if the channel were cut off for too long, oil in the
pipeline might have cooled and hardened during the frigid
Arctic winter. Like a case of petrochemical atherosclerosis,
flow might then have been impossible to resume. Roger
Staiger, Jr., of the Alyeska Pipeline Service Company in
Alaska gives some idea of what happens if Arctic oil, still
warm from the ground,
is stilled for too long in
midwinter: he jokes that
it might “turn into an
800-mile candle.”

Qil in the Komi Repub-
lic, with its higher paraf-
fin content, is much more
apt to solidify than Alas-
kan oil. Moreover, be-
cause an untreated mix-
ture of oil and brine
moves through the Komi
pipes, they have been rot-
ting right along with the
rest of the decaying oil

in Washington, D.C., that has followed planned econo-
mies, losses in oil pipelines of the former Soviet Union
amount to about 5 percent. “Until just recently, it wasn’t
worth it to fix it,” explains Sagers, noting that oil produc-
ers were paid for the amount extracted, not delivered.

In recent testimony to the U.S. Senate, Richard S. Golob,
an oil-pollution expert based in Cambridge, Mass., con-
firmed that pipelines in the former Soviet Union perpetual-
ly pollute. He cited estimates from the Geographic Insti-
tute in Moscow that as much as 10 million metric tons of
oil may be lost to leaks
every year—about 300
times the spillage from
the Exxon Valdez. Golob
suggested that help will
come mostly from joint
ventures with the west.
Although Zoltai is a ter-
restrial ecologist, he also
understands that much
economics: “If | were a
businessman, I'd say, ‘T'll
fix your pipeline’—and
I'd be laughing all the
way to the bank.”

—David Schneider
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The Gulliver Effect

ohn Donne wrote, “No man is an

island, entire of itself.” True

enough, and true of countries, too,

although Americans find the con-
cept annoying. In physical terms, Amer-
icans view the U.S., like some classical
physics experiment, as immune to out-
side influence. But the truth is that the
economy is an open system and always
has been. As with the shift from closed
to open models in physics, this realiza-
tion makes for big changes in the dis-
mal science.

Arthur R. Burns, pipe-smoking chair-
man of the Federal Reserve Board from
1970 to 1978, exemplified the old iso-
lationist economics. He spoke and act-
ed as though the U.S. was free to set its
monetary policy in Washington, D.C,,
regardless of the rest of the world. In-
deed, to admit that the U.S. was part of
Planet Earth was long considered an
affront to national dignity.

In 1973 Burns and George Shultz,
who was then secretary of the Trea-
sury, faced a news conference in Paris
after one of the many crises during the
collapse of the Bretton Woods system
of fixed exchange rates—which had
been in place since the end of World
War II. A reporter asked Shultz what
the floating dollar meant for American
monetary policy. As Paul Volcker,
Burns’s cigar-chomping successor, re-
counts the tale, Burns, always conscious
of the prerogatives of an independent
Federal Reserve chairman, reached over
and took the microphone from Shultz
and pronounced in his most authori-
tarian tone, “American monetary poli-
cy is not made in Paris; it is made in
Washington.”

Those living in small countries with
close ties to their bigger neighbors, in
contrast, have long known that their
economies rise and fall with global tides.
Earlier this century a string of Swedish
economists and historians announced
that they had found international price
correlations; no Swede living beside the
great bear of the German Empire in
1910 could doubt that the price of lum-
ber and iron ore was set in world mar-
kets, rather than in Sundsvall.

In the 1940s the American economist
Paul A. Samuelson remade the Swedish
insight into “factor price equalization,”
but few of his compatriots paid serious
attention. When U.S. economists look
at the world, they see no obvious inter-
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national influences on the domestic
economy. Trade with any one nation
amounts to only a tiny fraction of the
American gross domestic product.
These isolationists should take a les-
son from Jonathan Swift and realize
that economics without the rest of the
world is scientifically bankrupt. When
Gulliver awoke from his nap in Lilliput,
the little folk had tied him down with
tiny threads. “I attempted to rise, but
was not able to stir: for as I happened
to lie on my back, I found my arms and
legs were strongly fastened on each

TIED DOWN by tiny global threads, the
U.S. economy resembles Gulliver.

side to the ground; and my hair, which
was long and thick, tied down in the
same manner. I likewise felt several
slender ligatures across my body, from
my arm-pits to my thighs. I could only
look upwards.”

The slender ligatures of the world
economy are the commerce in luxury
automobiles between Japan and the
U.S., in corporate bonds between Lon-
don and New York or in financial man-
agers between Zurich and Chicago. Each
link is trivial, but there are thousands
of them. The giant Gulliver, also known
as Uncle Sam, can only look upward.

Thanks to the Gulliver effect, the
monetary policy of the U.S. is “made” in
the markets of the world. Floating the
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THE GRANGER COLLECTION

value of the dollar with respect to other
currencies gains Washington some free-
dom, but as long as global investors
choose between Treasury bills and their
counterparts from the Bundesbank or
the Japanese Central Bank, the Federal
Reserve cannot ignore the rest of the
world. Furthermore, whether the dollar
is fixed or floating, the structure of pric-
es—including wages and interest rates—
is set by the tug of thousands of inter-
national threads.

The Gulliver effect constrains not only
economic policy but also how much
American economists can ignore other
countries when they make their theo-
ries. Large-scale models of the econo-
my, fashionable as science back in the
1960s and nowadays still used for
brute-force prediction, generally ignore
the ties connecting U.S. prices to those
elsewhere; introductory economics
classes do not even cover such inter-
connectedness. Most American theoriz-
ing about economic growth ignores im-
ports and exports. When U.S. econo-
mists think about monopoly, they
think in one-nation terms, as though
Volkswagen and Toyota had never hap-
pened to the automobile industry. It is
as though an energy model of the earth
ignored input from the sun or radia-
tion into space.

Since the 1970s, a growing but still
small group of U.S. economists has
worked to think of American prices and
wages as set not by supply and demand
at home but by factors elsewhere. The
Harvard economist Jeffrey Williamson,
for example, has been exploring the
effects of the global economy on Amer-
ican wages over the century past—it is
hard otherwise to make sense of recent
experience.

In doing so, these economists are re-
turning to the roots of their discipline,
laid down in Swift’s era, when a single
superpower did not yet dominate world
trade. As late as 1817 the Isaac Newton
of economics, David Ricardo, assumed
in his economic Principia that interna-
tional trade determined prices and
wages, just as planetary orbits are de-
termined by the sun. In the 19th century,
when nationalism intervened, econ-
omists started believing that each plan-
et could instead choose its own path.
But now the facts are beginning to re-
mind them. Just as physicists learned
the limits of a mechanics based on ide-
alized assumptions about perfectly
elastic, frictionless bodies, economists
are learning to look beyond their own
borders.

DONALD N. McCLOSKEY is professor
of economics and history at the Univer-
sity of Iowa.
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Patently Obvious

TECHNOLOGY AND BUSINESS

Want to do gene therapy? Ask Sandoz

tries soar or plummet on news

that patents have been awarded
or disallowed. In a young field such as
biotechnology, they are particularly im-
portant for attracting capital. But be-
cause there is no well-established prac-
tice in the area, biotechnology patents
are a hornets’ nest of dispute.

The most recent buzz surrounds a
U.S. patent covering human gene thera-
py, which took on a new dimension in
July when exclusive rights to it were ac-
quired by a Swiss drug company, San-
doz. The patent was
awarded this past
March to the National
Institutes of Health; W.
French Anderson, R.
Michael Blaese and
Steven A. Rosenberg,
former collaborators,
were listed as inven-
tors. The patent is re-
markable because it
covers any therapy in
which cells are geneti-
cally modified outside
the patient’s body—no
matter what the dis-
ease or the change.
This approach, called
ex vivo, was employed
in the first clinical trial
of human gene therapy
in 1990 [see “Gene
Therapy,” by W. French
Anderson, page 124].

The work was part
of the first Cooperative
Research and Develop-
ment Agreement—a contract designed
to encourage the transfer of technology
from federal laboratories to industry.
The NIH’s partner was Genetic Therapy,
Inc. (GTI), in Gaithersburg, Md., whose
quid pro quo was an option to acquire
exclusive rights to resulting intellectual
property. GTI exercised that right in
1990. So when Anderson’s patent was
issued this year, the NIH was obliged to
give all rights to GTI. Three months lat-
er Sandoz bought the company for
$295 million.

A senior NIH official acknowledges
that the government would not have
deliberately chosen to license rights cov-
ering such a broad area to a single com-
pany and says the NIH can require that

S tocks in knowledge-based indus-
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the patent be used to bring genetic ther-
apies to patients as soon as possible.
Daniel L. Vasella, head of Sandoz’s
pharmaceutical division, counters that
if gene therapy is widely used it will
probably not employ the ex vivo ap-
proach—in which case Anderson’s
patent will be irrelevant. But he adds
that Sandoz has no intention of deny-
ing rights to companies interested in
using ex vivo technology. Further,
states M. James Barrett, GTI's chief ex-
ecutive, the rights will not impede aca-
demic research.

,.

Even so, some experts are critical of
the NIH's licensing policy. “I don’t see
any reason to grant exclusive rights un-
less it’s necessary to get a product to
market, and this isn’t one of those cas-
es,” says John H. Barton of Stanford Law
School. And Barton doubts whether the
patent itelf would withstand a legal
challenge. The detractors argue that the
concept of gene therapy, as opposed to
Anderson’s technique, was not novel—
so it should not have received a patent.

It is “a nuisance patent,” declares A.
Dusty Miller of the University of Wash-
ington, who published on the concept
of gene therapy in 1983 and construct-
ed the modified viruses used in the NIH
trial: “They haven’t taught people how

ersuaded the NIH to support gene therapy—
but his broad patent is now coming under fire.

to do gene therapy in the broadest
sense.” Miller and others point out that
it is hard to know to what extent the
therapy actually helped its recipients,
because the patients in the NIH trial
have remained on the standard therapy
for their illness. An unauthorized gene
therapy was, moreover, attempted as
long ago as 1980.

Other critics are bothered by the spe-
cifics. Kenneth W. Culver, who worked
in Blaese’s laboratory, maintains that
he designed many of the experiments
that paved the way. Culver also points
out that the patent lacks detailed direc-
tions for doing gene therapy on differ-
ent cell types. (Both Culver and Miller
believe they should be listed as co-in-
ventors.) Attorney Albert P. Halluin of
Pennie and Edmonds says Anderson’s
patent application also fails to note
previously published work. His client,
Somatix in Alameda, Calif., has patents
that predate Ander-
son’s. Halluin says the
Patent Office might yet
choose to reexamine
the Anderson patent.

The office was prepar-
ing in June to introduce
new guidelines that
should make it easier
for companies to obtain
patents on therapeutic
inventions by making it
clear that clinical proof
of effectiveness is not
necessary. Other immi-
nent changes will make
it easier for overseas in-
ventors to win U.S. pat-
ents. But although the
Patent Office hopes to
streamline the process,
there are no changes
that suggest extremely
broad patents, and the
accompanying disputes,
will become less com-
mon. (The Anderson
patent is not the only one in biotechnol-
ogy whose scope has raised eyebrows—
and tempers. Three years ago extensive
rights to all forms of genetically engi-
neered cotton were given to Agracetus
in Middleton, Wis. The Patent Office is
currently reexamining that patent.)

Some sanguine observers note that
people have been arguing about patents
for some 200 years and that today’s
disputes represent nothing out of the
ordinary. But Robert T. Abbott of Via-
gene, a gene therapy company that is
being acquired by Chiron Corporation,
says patent questions are scrutinized
more intensely in industry than they
used to be: “Now companies live or die
by them.” — Tim Beardsley

RANDY SANTOS Randolph Photography
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Arrest that Passenger

Traveling with technology—perhaps even a laptop—can be illegal

‘ « J hat do some forms of mass-
market software, cellular tele-
phone equipment and diving

gear have in common? Try bringing

them out of the U.S., and you will find
that as far as the American government
is concerned, they are all munitions.

When it comes to exporting them—even

a single unit—you might as well be car-

rying “a bomb or a bullet,” in the words

of Douglas R. Miller of the Software Pub-

lishers Association in Washington, D.C.

The technologies are controlled by
the International Traffic in Arms Regu-

lations (ITAR), drawn up more than 50
years ago during World War II to keep
sophisticated equipment from falling
into hostile hands. But advanced tech-
nologies are widely available today, and
a number of them—including all three
mentioned above—are freely sold on
open markets everywhere or will be
soon. ITAR is increasingly bothering
American manufacturers, who say it
borders on the ridiculous. “The export
controls aren’t serving their original
purpose,” Miller states. “All they're do-
ing is impeding American business.”

As currently implemented, ITAR pro-
hibits the export of certain U.S. technol-
ogies without a State Department li-
cense. Consignment to the ITAR list can
be almost the same thing as an export
ban because of the lengthy delays often
involved in processing a license. (Less
sensitive technologies are controlled by
the Commerce Department, from which
export approvals are routine.) “There’s
more on the ITAR list than is appropri-
ate or necessary,” asserts Paul Freeden-
berg, a trade consultant and a former
undersecretary of commerce in the Rea-
gan and Bush administrations.

After heavy lobbying by industry
groups, the Bush administration agreed
in 1992 to allow relatively unfettered

Magnificent Men (Mostly) and Their Flying Machines

ROB NELSON Black Star

The black automaton hovered ominously in front of
them as it flashed its sharp blades, but the young men
stood their ground, trusting that their preparations would
prevent the menacing machine from coming any closer.
Neither a scene from Star Wars nor some secret military
test, this display took place at the Fifth Annual Internation-
al Aerial Robotics Competition in Atlanta, where students
were putting their robot helicopter through its paces.

This past July teams from 10 universities assembled in
a stadium on the campus of the Georgia Institute of Tech-
nology, each vying for $10,000 in prize money. Success
was achieved if a flying robotic vehicle could locate small
metal pucks and carry them across a tennis-court-shaped
arena. No robot in the first four competitions had come
close to showing the requisite aerial dexterity.

The serious contenders in the 1995 contest were, for
the most part, motorized balloons or gas-powered model
helicopters. The University of British Columbia entered a
hybrid half-balloon, half-helicopter—but its blimp (below)
proved a poor performer. Another curious design, a “tail
sitter” from the University of Texas at Arlington, took third
place. This flyer sat in a cylindrical frame that supported
its top-mounted engine and propeller. Eight movable vanes
arrayed around the central axis provided some control—
enough to take off, stay airborne for 30 seconds and land
without anyone’s getting hurt.

The one European team, Berlin’s Technical University,
entered an ungainly blue balloon dubbed Tub Rob (above).
Crude in appearance, it outperformed most of the sophis-
ticated helicopters and took second prize. The Berliners
also distinguished themselves by having a woman leading
their group, whereas the U.S. teams appeared populated
only by men. Asked about gender bias on his all-male
team, David A. Cohn of the Massachusetts Institute of
Technology shrugged. “We’re M.I.T.,” is all he offered.

The first-place winner, a helicopter from Stanford Uni-
versity, was the product of years of preparation, timely
corporate financing—from Boeing—and at least one Ph.D.
thesis. Signals from the Department of Defense’s Global
Positioning System determined the craft’s position and ori-
entation. Whereas other helicopters flew erratically, if at
all, the Stanford chopper was rock-steady against the At-
lanta skyline. (It wavered visibly only while its human pi-
lot took control by radio command.) The robocopter easi-
ly maneuvered itself to the proper point, then bobbed up
and down to nab a metal disk with a small magnet sus-
pended by string. It carried the captured disk to the drop
site but lacked the means to release it.

With such success, it seems likely that the 1996 flying-
robot games will be dominated by satellite-guided helicop-
ters. But there will probably be a balloon or two as well.
Who knows, next year’s competition is scheduled to take
place at Disney World, so spectators might yet see an ele-
phantine robot powered by floppy ears. —David Schneider

ROB NELSON Black Star
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RECREATIONAL REBREATHER, worn by its designer, Peter Readey, could be con-
sidered a munition by the State Department if exported from the U.S.

export of software incorporating en-
cryption algorithms with keys of 40
bits or less. Not covered by this conces-
sion was the data encryption standard
(DES), widely used in banking, which
has a 56-bit key. The North American
version of Lotus Notes, too, was exclud-
ed, because its encryption feature uses
the equivalent of a 64-bit key. Merely
leaving the U.S. with that version of
Notes on a laptop computer is current-
ly an offense punishable by a fine of up
to half a million dollars. People without
green cards may not even use such
products at U.S. sites.

Some cellular telephone systems, in-
cluding ones used in Europe, Asia, the
Middle East and Africa, also encrypt
transmissions in order to grant users a
measure of privacy. So U.S. manufactur-
ers would need a license to sell in those
markets. Software industry officials note
that non-U.S. companies already offer a
huge assortment of DES-level encryp-
tion programs. “You can download DES
source code from the Internet for free,”
notes Mark A. Holcomb of IBM.

The State Department position is that
just because the software is available
overseas does not mean American com-
panies should add to the pile. “Also, in
most cases, we're talking about exports
from the U.S. being highly sophisticated
and much more usable to entities that
might be inclined to put the software
to uses contrary to the interests of the
U.S. and its allies,” an official insists.

Last year then Representative Maria
Cantwell of Washington State led an ef-
fort to pass legislation that would have
eliminated or reduced controls on mass-
market software with encryption capa-
bilities. The bill was before the full
House, and a debate was looming when
Vice President Al Gore pledged studies
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on the degree to which the controls are
harming U.S. software makers and also
on how relaxation of the controls might
affect national security. Encouraged,
Cantwell and her allies abandoned the
fight. But more than 13 months later,
the studies are still under way.

Regardless of how the negotiations
on software turn out, other, more eso-
teric technologies not supported by
first-rate trade organizations are likely
to be controlled under ITAR for some
time. Among these are rebreathers, un-
derwater breathing gear in which car-
bon dioxide from exhaled gases is
“scrubbed” and oxygen reused. They can
provide breathing gas for long periods,
and certain types emit few bubbles,
making them indispensable for stealthy
military missions. Carleton Technolo-
gies in Tampa, Fla., which sells the
Mark 16 rebreather to the U.S. military,
just got its first export license to deliv-
er 100 units to the Australian navy.

The same features make rebreathers
attractive to naturalists and underwa-
ter explorers as well. So no fewer than
four companies are courting the gener-
al public market. “A significant popula-
tion of today’s sport divers will be us-
ing rebreather technology by the year
2000,” says Bret C. Gilliam, a diving in-
dustry consultant and writer. If so, will
Carleton Technologies be able to gar-
ner any market share? Perhaps, but
such sales may depend on changes in
the export laws.

“The point is, if you are going to have
military conversion, which the [Clinton]
administration wants, you have to get
things off the military list,” Freedenberg
argues. “If you do not have an easy and
direct access system—which ITAR is
not—you cannot succeed in internation-
al markets.” —Glenn Zorpette
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| PROFILE: NICHOLAS NEGROPONTE

The Guru of Cyberspace

P J icholas Negroponte has had a
busy year. His best-selling book,
Being Digital—based on columns

he writes for the back page of Wired

magazine—was published in January.

The Media Lab at the Massachusetts In-

stitute of Technology, which he co-

founded in 1985 and has directed ever
since, launched a new research mission
in May. And amid the tidal shifts taking
place in telecommunications these days,

Negroponte, named an industry “guru”

by the Economist, is in great de-

mand. During June, while he va-
cationed on the Greek island of

Patmos, he was swamped with

some 100 E-mail messages a

day—more than half from his

ever growing posse of fans and
at least five from journalists re-
questing interviews.

I wait six days for a reply to
my own. The press office at M.L.T.
warns me he has precious little
time for telephone calls, faxes or
face-to-face meetings. So instead
I ask for a weekly E-mail ex-
change. On June 4, “Interested?”
appears: “Not a word I use for
‘interviews,’” it begins. “I am be-
ing bombarded these days.” I fee-
bly forward “Feasible?” the same
day. A week later he decides it is
but cautions, “I try to lead a
rather private life. You will have
to go slow on the personal side
and do more on the Lab to get
my fullest cooperation.”

As expected, Negroponte ig-
nores my first round of favorite-
breakfast-food-type  questions
and sends reedited parts from
his book. “They are as personal as I
have ever been,” he writes. But the long
message becomes garbled en route.
Another attempt, too, comes through in
pieces. On the third try, he changes
carriers. “None of these systems likes
long messages,” he explains. “It is not
just me!”

To pass the time, I count the days un-
til my story is due, sifting through re-
views and clippings. Many say much of
the same. “Naively, I thought that Being
Digital would get me out of the broken-
record mode,” Negroponte admits in
one transmission. “I feel I repeat my-
self all the time.” Knowing he travels
with 70-odd adapters and spare access
accounts to be able to connect to the

Net from anywhere at any time, I read
on and relax. Two weeks later and 10
days to go, 19 pages finally arrive, intact.

Like his book, the text he sends is a
series of anecdotes. “I very purposely
write short chapters, short paragraphs
and short sentences,” he says. “You
know the expression from Pascal: ‘If I
had more time, I would have written
you a shorter letter.”” I'm wishing Ne-
groponte wasn’t on vacation. Still, he
has done a nice job of weaving separate

MEDIA LAB DIRECTOR calls the center “an early-
warning system for the future.”

sections into a narrative. He begins by
explaining that as a child he was dyslex-
ic. So instead of reading, he spent hours
poring over train schedules, delighting
in making perfect connections between
obscure towns in Europe, an exercise to
which he attributes some of his busi-
ness smarts. I appreciate the effort: in
each section, he maps out much of his
own career, linking interests, people,
projects and sponsors.

There are no major delays. After tak-
ing his college boards in Switzerland at
age 15, receiving a perfect score of 800
in his math achievements, he attended
a U.S. prep school where he “managed
to sweet-talk the headmaster” into let-
ting him substitute sculpture for foot-
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ball. “At this point in my life,” he writes,
“I was determined to be an artist. Fate
played a different hand.” An early ac-
ceptance from M.I.T. and “minor pater-
nal coaxing” landed him in Cambridge
in 1961. To take full advantage of his
math and design talents, he decided to
study architecture—a discipline “at the
intersection of art and technology.” He
completed a five-year professional de-
gree in four and finished a second the
following year, in 1966. “That was the
year I fell in love with computing and
found myself in the nascent period of
computer-aided design (CAD).”

During the summer, Negroponte pur-
sued this new interest at the IBM Cam-
bridge Scientific Center, where his wife
worked. He was there for a week when
M.LT.’s Steven A. Coons, the father of
CAD, asked Negroponte to teach
his mechanical engineering cours-
es. “This brought me back to M.LT.,
where I have been on the faculty
ever since.” He did, however, stay
on at IBM part-time for two years,
developing a computer-aided ar-
chitectural design program, the
URBAN series. The dean of engi-
neering at M.LT. at the time, Gor-
don Brown, partly funded the proj-
ect and, seeing a 16-millimeter film
of URBANZ2, simply said: “Nicholas,
you are turning into a hacker.”

“Only many years later did I re-
alize what a great compliment this
was,” Negroponte writes, “not that
he meant it as such at the time.”
Negroponte now says the Media
Lab is meant to be a hacker’s ha-
ven, where “passion,” not duty,
drives research. But he eagerly
abandoned his own hacker days,
working on the URBAN series. “I
cut my teeth on machine lan-
guage, linkage editors and lots of
big blue iron,” he recalls. “When
IBM asked me to take it to the next
level of customer usage, I realized
that it was just too naive architec-
turally.” So he ventured back full-time
to M.LT., where his URBAN experiences
led to a book, The Architecture Machine,
aresearch group of the same name and,
ultimately, his lifelong interest in devel-
oping “highly personalized computer
systems, ones that can recognize ‘ges-
tures, frowns, smiles,” and can accom-
modate each person’s idiosyncrasies.”

Or initially, each gerbil’'s. The first
project from Arch Mach, as the CAD
laboratory he founded was called, was
an exhibit for a show in 1970 at the Jew-
ish Museum in New York City. “It was
an amazing robotic system in which ger-
bils—yes—more or less controlled a ro-
bot to arrange the geometry of their
dwelling place,” explains Marvin Minsky,

LOUIS PSIHOYOS Matrix
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one of Negroponte’s “heroes” and a Me-
dia Lab colleague. “If they pushed some-
thing out of the way enough times, the
machine would move it somewhere
else.” It did work. The problems, Negro-
ponte notes, were keeping the gerbils
awake and dealing with concerns ex-
pressed by the American Society for the
Prevention of Cruelty to Animals (the
robot would occasionally seize an un-
suspecting gerbil) and a women’s orga-
nization (the gerbils were all male).

“Back at M.LT., less zany work was
proceeding, which more and more
evolved the idea of personalized com-
puting,” he continues. In 1976 the group
devised the notion of a Spatial Data
Management System, or SDMS, a semi-
nal step in the development of multi-
media. The idea, in brief, was that peo-
ple would more readily interact with
computers if they could access data as
they did any other needed object—by
reaching for it. The single most impor-
tant part of SDMS, Negroponte says,
was Dataland: a demonstration room
equipped with an instrumented Eames
chair, a wall-size color display and oc-
tophonic sound. Someone sitting in the
chair could “fly” over Dataland as if it
were a landscape, touching down on
calculators, electronic books or maps.

“SDMS was so far ahead of its time
that its impact was mostly lost,” Negro-
ponte writes. Indeed, Dataland drew his
first nomination for the Golden Fleece
Award, which Senator William Proxmire
of Rhode Island gave to those federally
funded research programs he deemed
gratuitous. “I don’t know how many
times I have been nominated,” Negro-
ponte writes. “Proxmire’s office was
cagey and coy. In retrospect, it is easy to
want to have won. It is always nice to
be considered totally wrong and then
proved right.” Dataland was the first
computer interface to rely on a desktop
metaphor. And although many of the
ideas behind Apple’s Macintosh design
came from Xerox, the use of icons, and
the name itself, came from Arch Mach.

Also during the 1970s, Negroponte’s
team forged the link between computer
graphics and television and broke new
ground in interactive movies and tele-
conferencing. “Nicholas has a great way
to keep research on the forefront,” Min-
sky reports. “When something becomes
generally accepted and popular, he en-
courages the lab to abandon it! NN of-
ten understands what will be important
years before others do and encourages
projects in those areas.”

Not everyone at M.LT. has put such
faith in NN’s judgment over the years.
When he proposed in 1978 that M.LT.
build a new “arts and media technology
laboratory” to explore the convergence

of the broadcast, publishing and com-
puter industries, “some people found
the idea ludicrous,” he concedes. But
Jerome B. Wiesner, another “hero” and
president of M.LT. at the time, did not.
In 1979 M.LT.s corporation gave the go-
ahead, and Negroponte and Wiesner set
forth to raise $12 million. “Five years,
two million miles and $50 million later,
the Media Lab existed.”

“With Wired, Being
Digital and even you,
I am far too public for

my Media Lab job.”

Shortly after its doors opened in 1985,
the Media Lab took off, nearly doubling
its income each year. “Because telecom-
munications were sniffing at the infor-
mation business, and computer compa-
nies were worried about their declining
margins, it was hard for the Media Lab
not to grow,” he says. Now, of course,
the two industries are moving toward
the altar—although it is unclear what
this union will produce. “The legal and
economic issues are harder to under-
stand than the technical ones,” he writes.
“The law is flapping around like a dead
fish—which is an early warning about
the complexity that lies ahead.” He ad-
vocates complete deregulation to let
competition decide.

Although the Media Lab began court-
ing telecommunications and computer
companies at the right time, Negroponte
credits much of its success to Wiesner:
“He taught me everything I know about
being entrepreneurial in an academic
setting.” Negroponte has learned away
from M.LT. as well. He is a special gen-
eral partner in a venture-capital fund
that finances start-up information and
entertainment companies. He personal-
ly invested in Wired because the “peo-
ple were perfect, and the timing was
perfect.” And he has put his own money
on holographic chocolates. (“It hasn’t
gone belly-up,” he writes. “The real win-
ner will be lollipops, because you hold
them to best advantage—for a trans-
mission hologram—and you can imag-
ine the image changing as you lick.”)

Wiesner, he says, also taught him how
to run a lab: “You work for the faculty,
and the best faculty are usually the big-
gest pains, but worth it.” As examples,
he offers Media Lab legends Seymour
A. Papert, who initially co-directed the
Artificial Intelligence lab with Minsky,
and the late Muriel R. Cooper, described
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as the lab’s “primary design force.” The
effort paid off. “Ten years ago we were
considered all icing and no cake,” Ne-
groponte writes. “That has gone away.
But people still think we are isolated.”

In style, if not in science, they are. The
sleek, white, tiled building where the
Media Lab is housed, designed by I. M.
Pei (yet another “hero”), stands in sharp
contrast to the gray concrete maze
where most everyone else works. The
aim lies more in demonstrating new
ideas than in building marketable prod-
ucts. Unlike the “boot-camp attitude to-
ward teaching and research” at other
departments, the lab tries to give young
faculty “rope, not duties, to prove them-
selves.” The grace period, Minsky says,
is made possible in part by a “buffering
of future funds,” which gush in not only
from “old friends” of M.L.T., such as IBM
and Hewlett-Packard, but from greener
friends in Tinseltown and Tokyo as
well. And Negroponte is far more visi-
ble than most M.L.T. administrators.

“With Wired, Being Digital and even
you, I am far too public for my Media
Lab job,” he declares. (A review of Being
Digital appears on page 214.) “I am try-
ing to be a nouveau Yankee, learning
slowly” and hoping to avoid attention.
But given his infectious optimism and
flair for presenting the future, it’s not
easy. As Negroponte sees it, we will all
soon be blessed with computer inter-
faces as pleasant and personable as a
well-trained butler. They will handle our
affairs, assemble personalized news-
papers and help to free us from the
constraints of time and place. The Me-
dia Lab’s newest enterprise, called
Things That Think, aims to invent ways
for making everything from cuff links
to coats more accommodating. “Being
digital, whatever it means,” he writes,
“means having it your way.”

With such a pitch, it is only natural
that many people pester him for details.
Critics such as Cliff Stoll, the author of
Silicon Snake Oil, warn that being digi-
tal will create lonely legions of on-line
addicts. Negroponte, who describes
himself as a compulsive user of E-mail
for the past 25 years, says this charge
makes him laugh. Ever enthusiastic, he
argues that if anything, being digital
stands to improve everyone’s life—ex-
cept maybe those older generations too
busy to catch up. It has clearly worked
for him. “A Wired reader told me once,
‘Get a life,” which I read from the back
of a yacht in the Aegean, while eating
fresh sea urchins and drinking terrific
Montrachet,” he writes. “I have got a life
and a nice one. Same wife, same house,
same car, same boat, new bulldog (be-
cause the old one died). But that life is
pretty private.” —Kristin Leutwyler

Copyright 1995 Scientific American, Inc.
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INTRODUCTION

The Uncertainties
of Technological Innovation

Even the greatest ideas and inventions

can flounder, whereas more modest steps
forward sometimes change the world

by John Rennie

Paul Valéry decades ago, and it would not be hard to

share in his disappointment today. As children, many
of us were assured that we would one day live in a world of
technological marvels. And so we do—but, by and large, not
the ones foretold. Films, television, books and World’s Fairs
promised that the twilight of the 20th century and the dawn
of the 21st would be an era of helpful robot servants, flying
jet cars, moon colonies, easy space travel, undersea cities,
wrist videophones, paper clothes, disease-free lives and, oh,
yes, the 20-hour work week. What went wrong?

Few of the promised technologies failed for lack of inter-
est. Nor was it usually the case that they were based on erro-
neous principles, like the perpetual motion machines that
vex patent offices. Quite often, these inventions seemed to
work. So why do bad things happen to good technologies?
Why do some innovations fall so far short of what is expect-
ed of them, whereas others succeed brilliantly?

One recurring reason is that even the most knowledgeable
forecasters are sometimes much too optimistic about the
short-run prospects for success. Two decades ago, for exam-
ple, building a self-contained artificial heart seemed like a rea-
sonable, achievable early goal—not a simple chore, of course,
but a straightforward one. The heart, after all, is just a four-
chambered pump; surely our best biomedical engineers could
build a pump! But constructing a pump compatible with the
delicate tissues and subtle chemistry of the body has proved
elusive. In many ways, surgeons have had far more luck with
transplanting organs from one body to another and subdu-
ing (through the drug equivalent of brute force) the complex
immunologic rejection reactions.

Similarly, from the 1950s through the early 1970s, most
artificial-intelligence researchers were smoothly confident of
their ability to simulate another organ, the brain. They are
more humble these days: although their work has given rise
to some narrow successes, such as medical-diagnostic expert
systems and electronic chess grandmasters, replicating any-
thing like real human intelligence is now recognized as far
more arduous.

The more fundamental problem with most technology pre-
dictions, however, is that they are simplistic and, hence, un-
realistic. A good technology must by definition be useful. It
must be able to survive fierce buffeting by market forces,
economic and social conditions, governmental policies, quirky
timing, whims of fashion and all the vagaries of human na-

r I Yhe future is not what it used to be,” wrote the poet
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ture and custom. What would-be Nostradamus is prepared to
factor in that many contingencies?

Sadly, some inventions are immensely appealing in con-
cept but just not very good in practice. The Buck Rogers-
style jetpack is one. With the encouragement of the military,
engineers designed and built prototypes during the 1960s.
As scene-stealing props in movies such as Thunderball, jet-
packs embodied tomorrow’s soaring high-tech freedom: fly
to work, fly to school, fly to the market—

But practical considerations kept jetpacks grounded. The
weight of the fuel almost literally sank the idea. The amount
required to fly an appreciable distance rapidly became im-
practical to attach to a user’s back. The packs also did not
maneuver very well. Finally, the military could not define
enough missions that called for launching infantry into the
air (where they might be easy targets for snipers) to justify
the expense of maintaining the program.

To survive, a commercial technology must not only work
well, it must compete in the marketplace. During the 1980s,
many analysts thought industrial robotics would take off.
Factory managers discovered, however, that roboticizing an
assembly line meant more than wheeling the old machines
out and the robots in. In many cases, turning to robots
would involve completely rethinking (and redesigning) a
manufacturing plant’s operations. Robots were installed in
many factories with good results, particularly in the automo-
bile industry, but managers often found that it was more
economical to upgrade with less versatile, less intelligent but
more cost-effective conventional machines. (Experts still dis-
agree about whether further advances in robotics will even-
tually tip this balance.)

Many onlookers thought silicon-based semiconductors
would be replaced by faster devices made of new materials,
such as gallium arsenide, or with new architectures, such as
superconducting Josephson junction switches. The huge R&D
base associated with silicon, however, has continued to refine
and improve the existing technology. Result: silicon will al-
most certainly remain the semiconductor of choice for most
products for at least as long as the current chip-making tech-
nology survives. Its rivals are finding work, too, but in spe-
cialized niche applications.

One projected commercial payoff of the space program is
supposed to be the development of orbiting manufacturing
facilities. In theory, under weightless conditions, it should be
possible to fabricate ball bearings, grow semiconductor crys-
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tals and purify pharmaceuticals without imperfections caused
by gravity. Yet the costs associated with spaceflight remain
high, which means that building these factories in space and
lofting raw materials to them would be neither easy nor in-
expensive. Moreover, improvements in competing ground-
based technologies are continuing to eat away at the justifi-
cation for building the zero-gravity facilities.

Government policies and decisions can also influence the
development of new technologies. Yawn-inducing federal de-
cisions about standards for electronic devices and the avail-
ability of the broadcast spectrum for commercial use indi-
rectly dictate the rate and results of electronic device devel-
opment. International disputes about who owns the mineral
rights to the seafloor sapped the incentive that many na-
tions and corporations had to invest in undersea mining
technologies. Competing industrial
standards can also stymie progress—
witness the wrangles that froze work
on high-definition television.

And sometimes the worth of one
technology does not really become
clear until other small but crucial in-
ventions and discoveries put them
in perspective. Personal computers
looked like mere curiosities for hob-
byists for many years; not until Dan Bricklin and Mitchell Ka-
por invented the first spreadsheet programs did personal
computers stand out as useful business tools. CD-ROMs did
not start to become common accessories of PCs until the
huge size of some programs, particularly reference works
and interactive games, made the optical disks convenient al-
ternatives to cheaper but less capacious floppies.

In short, the abstract quality of an innovation matters not
at all. Build a better mousetrap, and the world may beat a
path to your door—if it doesn’t build a better mouse instead,
or tie up your gadget in environmental-impact and animal-
cruelty regulations.

Of course, many technologies do succeed wildly beyond
anyone’s dreams. Transistors, for instance, were at first seen
merely as devices for amplifying radio signals and later as
sturdier replacements for vacuum tubes. Ho-hum. Yet their
solid-state nature also meant they could be mass-produced
and miniaturized in ways that vacuum tubes could not, and
their reliability meant that larger devices incorporating great-
er numbers of components would be feasible. (Building the
equivalent of a modern computer with vacuum tube switch-
es instead of transistors would be impossible. Not only
would its size make it too slow, the tens of millions of tubes
would break down so frequently that the machine would be
permanently on the fritz.)

Of those advantages, the microelectronic revolution was
born. Similar Horatio Alger stories can be told for lasers, fiber
optics, plastics, piezoelectric crystals and other linchpins of
the modern world. In fact, it is tempting to think that most
great innovations are unforeseen, if not unforeseeable. As
computer scientists Whitfield Diffie and John McCarthy re-
minded panelists this past spring at a public discussion on
the future hosted by SCIENTIFIC AMERICAN, “A technology-
of-the-20th-century symposium held in 1895 might not have
mentioned airplanes, radio, antibiotics, nuclear energy, elec-
tronics, computers or space exploration.”

Given the pitfalls of prognostication, why would SCIENTTE-
IC AMERICAN dare to venture an issue on key technologies of
the 21st century? First, technology and the future have al-
ways been the province of this magazine. When SCIENTIFIC
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In 1895 no one imagined
that computers would
become a key technology.

AMERICAN was founded 150 years ago, the industrial revolu-
tion was literally still gathering steam. Those were the days
before the birth of Edison, before Darwin’s On the Origin of
the Species, before the germ theory of disease, before the in-
vention of cheap steel, before the discovery of x-rays, before
Mendel’s laws of genetics and Maxwell’s equations of elec-
tromagnetism. This magazine has had the privilege of re-
porting on all the major technological advances since that
time (see pages 12-17 for examples). We could think of no
more fitting way to celebrate our own birthday than by tak-
ing a peek ahead.

Second, to paraphrase Valéry, the future is now not even
when it used to be. The new century—make that the new mil-
lennium—begins in less than five years (six for the calendri-
cal purists). The next few decades will be when the technolo-
gies that now exist and look most
promising either flourish or wither
on the vine.

In selecting technologies to include
in this issue, we decided to forsake
the purely fabulous and concentrate
on those that seemed most likely to
have strong, steady, enduring effects
on day-to-day life. What, some readers
may exclaim, no faster-than-light star-
ships? Immortality pills? U-Clone-’Em personal duplication
kits? Sorry, but no, not here. In the words of that famous or-
acle and child’s toy the Magic 8 Ball: “Reply hazy, try again.”

Naturally, this issue makes no pretense of being an ex-
haustive list of all the technologies that will contribute pow-
erfully to the years ahead. Any attempt to make it one would
have sacrificed useful detail for nominal thoroughness. Our
more modest intention is only to convey the excitement and
real rate of substantive progress in many pivotal fields.

The truth is that as technologies pile on technologies at an
uneven pace, it becomes impossible to predict precisely what
patterns will emerge. Can anyone today truly foresee what
the world will be like if, for example, genetic engineering
matures rapidly to its full potential? If organisms can be tai-
lored to serve any function (even becoming living space-
ships, as Freeman J. Dyson seems to hint in his article), can
anyone guess what a 21st-century factory will look like?

New technologies also pose moral dilemmas, economic
challenges, personal and social crises. For example, after the
Human Genome Project is completed in a decade or so, the
genetic foundations of any biological question will become
transparent to investigation. The controversial genetic as-
pects of intelligence, violence and other complex traits will
then be available for direct scrutiny—and, conceivably, ma-
nipulation. How much will that transform the basis and
practice of medicine, law and government? So in addition to
articles on the nuts and bolts of technological development,
readers will find here more essayistic commentaries that
meditate on the consequences (both good and bad) of the
work in progress.

Perceptive readers will also note that some of these au-
thors implicitly or explicitly disagree with one another; they
do not share a consensus on tomorrow. It is precisely out of
the tensions between differing predictions that the real fu-
ture will pull itself together. Check back with SCIENTIFIC
AMERICAN in a century or so to evaluate our technology
scorecard. We fully intend to be here—and who is to say that
you won't be, too?

JOHN RENNIE is editor in chief of Scientific American.
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Faster, more sophisti-

cated data networks and
computers will dominate
the systems people use
to work and play.
Meanwhile intelligence
will become a feature
of everyday machines.
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INFORMATION TECHNOLOGIES

Microprocessors

in 2020

Lvery 18 months microprocessors double in
speed. Within 25 years, one computer will be
as powerful as all those in Silicon Valley today

by David A. Patterson

‘ ‘ [ hen I first read the table of
contents of this special issue, I
was struck by how many arti-

cles addressed computers in the 21st

century in some way. Unlike many oth-
er technologies that fed our imagina-
tions and then faded away, the comput-
er has transformed our society. There
can be little doubt that it will continue
to do so for many decades to come. The
engine driving this ongoing revolution
is the microprocessor. These silicon
chips have led to countless inventions,
such as portable computers and fax
machines, and have added intelligence
to modern automobiles and wristwatch-
es. Astonishingly, their performance has
improved 25,000 times over since their
invention only 25 years ago.

I have been asked to describe the mi-

croprocessor of 2020. Such predictions
in my opinion tend to overstate the
worth of radical, new computing tech-
nologies. Hence, I boldly predict that
changes will be evolutionary in nature,
and not revolutionary. Even so, if the
microprocessor continues to improve at
its current rate, I cannot help but sug-
gest that 25 years from now these chips
will empower revolutionary software to
compute wonderful things.

Smaller, Faster, Cheaper

wo inventions sparked the comput-
er revolution. The first was the so-
called stored program concept. Every
computer system since the late 1940s
has adhered to this model, which pre-
scribes a processor for crunching num-

bers and a memory for storing both
data and programs. The advantage in
such a system is that, because stored
programs can be easily interchanged,
the same hardware can perform a vari-
ety of tasks. Had computers not been
given this flexibility, it is probable that
they would not have met with such
widespread use. Also, during the late
1940s, researchers invented the transis-
tor. These silicon switches were much
smaller than the vacuum tubes used in
early circuitry. As such, they enabled
workers to create smaller—and faster—
electronics.

More than a decade passed before
the stored program design and transis-
tors were brought together in the same
machine, and it was not until 1971 that
the most significant pairing—the Intel
4004—came about. This processor was
the first to be built on a single silicon
chip, which was no larger than a child’s
fingernail. Because of its tiny size, it was
dubbed a microprocessor. And because
it was a single chip, the Intel 4004 was
the first processor that could be made
inexpensively in bulk.

The method manufacturers have used
to mass-produce microprocessors since
then is much like baking a pizza: the
dough, in this case silicon, starts thin
and round. Chemical toppings are add-
ed, and the assembly goes into an oven.
Heat transforms the toppings into
transistors, conductors and insulators.
Not surprisingly, the process—which is
repeated perhaps 20 times—is consid-
erably more demanding than baking a
pizza. One dust particle can damage
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the tiny transistors. So, too, vibrations
from a passing truck can throw the in-
gredients out of alignment, ruining the
end product. But provided that does not
happen, the resulting wafer is divided
into individual pieces, called chips, and
served to customers.

Although this basic recipe is still fol-
lowed, the production line has made
ever cheaper, faster chips over time by
churning out larger wafers and smaller
transistors. This trend reveals an im-
portant principle of microprocessor eco-
nomics: the more chips made per wafer,
the less expensive they are. Larger chips
are faster than smaller ones because
they can hold more transistors. The re-
cent Intel P6, for example, contains 5.5
million transistors and is much larger
than the Intel 4004, which had a mere
2,300 transistors. But larger chips are
also more likely to contain flaws. Balanc-
ing cost and performance, then, is a sig-
nificant part of the art of chip design.

Most recently, microprocessors have
become more powerful, thanks to a
change in the design approach. Follow-
ing the lead of researchers at universi-
ties and laboratories across the U.S.,
commercial chip designers now take a
quantitative approach to computer ar-
chitecture. Careful experiments precede
hardware development, and engineers
use sensible metrics to judge their suc-
cess. Computer companies acted in con-
cert to adopt this design strategy during
the 1980s, and as a result, the rate of
improvement in microprocessor tech-
nology has risen from 35 percent a year
only a decade ago to its current high of
approximately 55 percent a year, or al-
most 4 percent each month. Processors
are now three times faster than had
been predicted in the early 1980s; it is
as if our wish was granted, and we now
have machines from the year 2000.

Pipelined, Superscalar and Parallel

n addition to progress made on the

production line and in silicon tech-
nology, microprocessors have benefited
from recent gains on the drawing board.
These breakthroughs will undoubtedly
lead to further advancements in the
near future. One key technique is called

SILICON WAFERS today (background)
are much larger but hold only about
half as many individual chips as did
those of the original microprocessor,
the Intel 4004 (foreground). The dies
can be bigger in part because the manu-
facturing process (one stage shown in
inset) is cleaner.
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pipelining. Anyone who has done laun-
dry has intuitively used this tactic. The
nonpipelined approach is as follows:
place a load of dirty clothes in the wash-
er. When the washer is done, place the
wet load into the dryer. When the dryer
is finished, fold the clothes. After the
clothes are put away, start all over again.
If it takes an hour to do one load this
way, 20 loads take 20 hours.

The pipelined approach is much
quicker. As soon as the first load is in
the dryer, the second dirty load goes
into the washer, and so on. All the stag-
es operate concurrently. The pipelining
paradox is that it takes the same amount
of time to clean a single dirty sock by ei-
ther method. Yet pipelining is faster in
that more loads are finished per hour.
In fact, assuming that each stage takes
the same amount of time, the time saved
by pipelining is proportional to the num-
ber of stages involved. In our example,
pipelined laundry has four stages, so it
would be nearly four times faster than
nonpipelined laundry. Twenty loads
would take roughly five hours.

Similarly, pipelining makes for much
faster microprocessors. Chip designers
pipeline the instructions, or low-level
commands, given to the hardware. The
first pipelined microprocessors used a
five-stage pipeline. (The number of stag-
es completed each second is given by
the so-called clock rate. A personal com-
puter with a 100-megahertz clock then
executes 100 million stages per sec-
ond.) Because the speedup from pipelin-
ing equals the number of stages, recent
microprocessors have adopted eight or
more stage pipelines. One 1995 micro-
processor uses this deeper pipeline to
achieve a 300-megahertz clock rate. As
machines head toward the next centu-
ry, we can expect pipelines having even
more stages and higher clock rates.

Also in the interest of making faster
chips, designers have begun to include
more hardware to process more tasks
at each stage of a pipeline. The buzz-
word “superscalar” is commonly used
to describe this approach. A supersca-
lar laundromat, for example, would use
a professional machine that could, say,
wash three loads at once. Modern super-
scalar microprocessors try to perform
anywhere from three to six instructions
in each stage. Hence, a 250-megahertz,
four-way superscalar microprocessor
can execute a billion instructions per
second. A 21st-century microprocessor
may well launch up to dozens of in-
structions in each stage.

Despite such potential, improvements
in processing chips are ineffectual un-
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CLEAN ROOMS, where wafers are made,
are designed to keep human handling
and airborne particles to a minimum. A
single speck of dust can damage a tiny
transistor.

less they are matched by similar gains
in memory chips. Since random-access
memory (RAM) on a chip became wide-
ly available in the mid-1970s, its capac-
ity has grown fourfold every three years.
But memory speed has not increased at
anywhere near this rate. The gap be-
tween the top speed of processors and
the top speed of memories is widening.

One popular aid is to place a small
memory, called a cache, right on the
microprocessor itself. The cache holds
those segments of a program that are
most frequently used and thereby al-
lows the processor to avoid calling on
external memory chips much of the
time. Some newer chips actually dedi-
cate as many transistors to the cache as
they do to the processor itself. Future
microprocessors will allot even more
resources to the cache to better bridge
the speed gap.

The Holy Grail of computer design is
an approach called parallel processing,
which delivers all the benefits of a sin-
gle fast processor by engaging many
inexpensive ones at the same time. In
our analogy, we would go to a laundro-
mat and use 20 washers and 20 dryers
to do 20 loads simultaneously. Clearly,
parallel processing is an expensive so-
lution for a small workload. And writ-
ing a program that can use 20 proces-
sors at once is much harder than dis-
tributing laundry to 20 washers. Indeed,
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The Limits of Lithography

Ithough | predict that microprocessors will continue to improve rapidly,
such a steady advance is far from certain. It is unclear how manufactur-
ers will make tinier, faster transistors in the years to come. The photolitho-
graphic methods they now use are reaching serious limits. If the problem is
not resolved, the progress we have enjoyed for decades will screech to a halt.
In photolithography, light is used to transfer circuit patterns from a quartz
template, or mask, onto the surface of a silicon chip. The technique now
fashions chip features that are some 0.35 micron wide. Making features half
as wide would vyield transistors
four times smaller, since the de-
vice is essentially two-dimension-
al. But it seems impossible to
make such tiny parts using light;
the light waves are just too wide.
Many companies have invested in
finding ways to substitute smaller
x-rays for light waves. To date,
however, x-rays have not succeed-
ed as a way to mass-produce state-
of-the-art chips.

Other proposals abound. One
hope is to deploy the electron
beams used to create quartz masks
to pattern silicon wafers. The thin
stream of charged particles could trace each line in a circuit diagram, one by
one, directly onto a chip. The catch is that although this solution is feasible, it
is unreasonably slow for commercial use and would therefore prove costly.
Compared with photolithography, drawing with an electron beam is analo-
gous to rewriting a letter by hand instead of photocopying it.

Technical hurdles aside, any improvements in microprocessors are further
threatened by the rising cost of semiconductor manufacturing plants. At $1
billion to $2 billion, these complexes now cost 1,000 times more than they
did 30 years ago. Buyers and sellers of semiconductor equipment follow the
rule that halving the minimum feature size doubles the price. Clearly, even if
innovative methods are found, the income generated by the sale of smaller
chips must double to secure continued investments in new lines. This pattern
will happen only by making more chips or by charging more for them.

Today there are as many companies that have semiconductor lines as there
are car companies. But increasingly few of them can afford the multibillion-
dollar cost of replacing the equipment. If semiconductor equipment manu-
facturers do not offer machinery that trades off, say, the speed of making a
wafer for the cost of the equipment, the number of companies making state-
of-the-art chips may shrink to a mere handful. Without the spur of competition,
once again, the rapid pace of improvement may well slow down. —D.A.P.
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PHOTOMASKS are reduced and project-
ed onto silicon wafers to make circuits.

the program must specify which instruc-
tions can be launched by which proces-
sor at what time.

Superscalar processing bears similar-
ities to parallel processing, and it is more
popular because the hardware automat-
ically finds instructions that launch at
the same time. But its potential process-
ing power is not as large. If it were not
so difficult to write the necessary pro-
grams, parallel processors could be
made as powerful as one could afford.
For the past 25 years, computer scien-
tists have predicted that the program-
ming problems will be overcome. In
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fact, parallel processing is practical for
only a few classes of programs today.

In reviewing old articles, I have seen
fantastic predictions of what comput-
ers would be like in 1995. Many stated
that optics would replace electronics;
computers would be built entirely from
biological materials; the stored program
concept would be discarded. These de-
scriptions demonstrate that it is im-
possible to foresee what inventions will
prove commercially viable and go on to
revolutionize the computer industry. In
my career, only three new technologies
have prevailed: microprocessors, ran-
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dom-access memory and optical fibers.
And their impact has yet to wane, de-
cades after their debut.

Surely one or two more inventions will
revise computing in the next 25 years.
My guess, though, is that the stored pro-
gram concept is too elegant to be easily
replaced. I believe future computers will
be much like machines of the past,
even if they are made of very different
stuff. I do not think the microprocessor
of 2020 will be startling to people from
our time, although the fastest chips may
be much larger than the very first wafer,
and the cheapest chips may be much
smaller than the original Intel 4004.

IRAMs and Picoprocessors

ipelining, superscalar organization

and caches will continue to play ma-
jor roles in the advancement of micro-
processor technology, and if hopes are
realized, parallel processing will join
them. What will be startling is that mi-
croprocessors will probably exist in ev-
erything from light switches to pieces
of paper. And the range of applications
these extraordinary devices will sup-
port, from voice recognition to virtual
reality, will very likely be astounding.

Today microprocessors and memo-
ries are made on distinct manufacturing
lines, but it need not be so. Perhaps in
the near future, processors and memo-
ry will be merged onto a single chip, just
as the microprocessor first merged the
separate components of a processor
onto a single chip. To narrow the pro-
cessor-memory performance gap, to
take advantage of parallel processing,
to amortize the costs of the line and
simply to make full use of the phenom-
enal number of transistors that can be
placed on a single chip, I predict that
the high-end microprocessor of 2020
will be an entire computer.

Let’s call it an IRAM, standing for in-
telligent random-access memory, since
most of the transistors on this merged
chip will be devoted to memory. Where-
as current microprocessors rely on hun-
dreds of wires to connect to external
memory chips, IRAMs will need no more
than computer network connections and
a power plug. All input-output devices
will be linked to them via networks. If
they need more memory, they will get
more processing power as well, and vice
versa—an arrangement that will keep
the memory capacity and processor
speed in balance. IRAMs are also the
ideal building block for parallel process-
ing. And because they would require so
few external connections, these chips

Copyright 1995 Scientific American, Inc.



And After 20207?

With decades of innovative potential ahead of them,
conventional microelectronic designs will dominate
much of the 21st century. That trend does not discourage
many laboratories from exploring a variety of novel tech-
nologies that might be useful in designing new genera-
tions of computers and microelectronic devices. In some
cases, these approaches would allow chip designs to
reach a level of miniaturization unattainable through any-
thing like conventional lithography techniques. Among
the ideas being investigated are:

= Quantum dots and other single-electron de-
vices. Quantum dots are molecular arrays that allow re-
searchers to trap individual electrons and monitor their
movements. These devices can in theory be used as bina-
ry registers in which the presence or absence of a single
electron is used to represent the 0 or 1 of a data bit. In a
variation on this scheme, laser light shining on atoms
could switch them between their electronic ground state
and an excited state, in effect flipping the bit value.

One complication of making the transistors and wires
extremely small is that quantum-mechanical effects begin
to disrupt their function. The logic components hold their
0 or 1 values less reliably because the locations of single
electrons become hard to specify. Yet this property could
be exploited: Seth Lloyd of the Massachusetts Institute of
Technology and other researchers are studying the possi-
bility of developing quantum computing techniques,
which would capitalize on the nonclassical behavior of the
devices.

= Molecular computing. Instead of making compo-
nents out of silicon, some investigators are trying to de-
velop data storage systems using biological molecules.
Robert L. Birge of Syracuse University, for example, is ex-

amining the computational potential of molecules related
to bacteriorhodopsin, a pigment that alters its configura-
tion in response to light. One advantage of such a mole-
cule is that it could be used in an optical computer, in
which streams of photons would take the place of elec-
trons. Another is that
many of these molecules
might be synthesized by
microorganisms, rather
than fabricated in a fac-
tory. According to some
estimates, photonically
activated biomolecules
could be linked into a
three-dimensional mem-
ory system that would
have a capacity 300
times greater than to- F
day’s CD-ROMs.

= Nanomechanical
logic gates. In these
systems, tiny beams or
filaments only one atom wide might be physically moved,
like Tinkertoys, to carry out logical operations [see “Self-As-
sembling Materials,” by George M. Whitesides, page 146].

= Reversible logic gates. As the component density
on chips rises, dissipating the heat generated by computa-
tions becomes more difficult. Researchers at Xerox PARC,
the IBM Thomas J. Watson Research Center and elsewhere
are therefore checking into the possibility of returning ca-
pacitors to their original state at the end of a calculation.
Because reversible logic gates would in effect recapture
some of the energy expended, they would generate less
waste heat. —The Editors

QUANTUM DOT (purple) in
this semiconductor structure
traps electrons.

HENRYK TEMKIN AT&T Bell Laboratories

could be extraordinarily small. We may
well see cheap “picoprocessors” that are
smaller than the ancient Intel 4004. If
parallel processing succeeds, this sea of
transistors could also be used by multi-
ple processors on a single chip, giving
us a micromultiprocessor.

Today’s microprocessors are almost
100,000 times faster than their Neander-
thal ancestors of the 1950s, and when
inflation is considered, they cost 1,000

times less. These extraordinary facts ex-
plain why computing plays such a large
role in our world now. Looking ahead,
microprocessor performance will easily
keep doubling every 18 months through
the turn of the century. After that, it is
hard to bet against a curve that has out-
stripped all expectations. But it is plau-
sible that we will see improvements in
the next 25 years at least as large as
those seen in the past 50. This estimate

means that one desktop computer in
2020 will be as powerful as all the com-
puters in Silicon Valley today. Polishing
my crystal ball to look yet another 25
years ahead, I see another quantum
jump in computing power. The impli-
cations of such a breathtaking advance
are limited only by our imaginations.
Fortunately, the editors have asked oth-
ers to ponder the possibilities, and I
happily pass the baton to them.
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Wireless Networks

In the decade ahead, they will deliver personal-
ized communications to people on the go and
basic service to many who still lack telephones

by George 1. Zysman

ear the end of the 19th century
‘ \ , a young man named Guglielmo
Marconi connected a spark emit-
ter to a short antenna and sent a burst
of radio waves through the air to a sim-
ple receiver. It responded by ringing a
bell, signaling the birth of a technology
that promised to allow people to com-
municate across distances while in mo-
tion. In the closing decades of the 20th
century, several waves of innovation
have made wireless communications
the fastest-growing segment of the glob-
al telecommunications industry.
Wireless networks are proliferating
rapidly, going digital and harnessing
“intelligent network” technology to lo-

cate and identify roaming subscribers
and to customize the services they re-
ceive. An intelligent network consists
of a distributed signaling network of
switches, databases and dedicated com-
puter servers that is separate from, yet
intimately connected to, the transport
networks on which subscribers’ voice
calls and data actually flow. This archi-
tectural framework, which has been re-
fined over the past 30 years to support
such services as 800-number calling,
caller identification and “911,” will soon
make personalized communications ser-
vices as portable as a pocket telephone.

As advances in microelectronics, dig-
ital radio, signal processing and net-

work software converge in the market-
place, portable telephones are getting
smaller, smarter and less expensive.
Some are taking on new forms, such as
the wireless handheld computers called
personal digital assistants (PDAs), so
that they can handle text and graphics
as well as audio messages; video is not
far behind. Increasingly, the software
running on “smart” terminals—typified
by the graphical user interfaces and in-
telligent software agents available to-
day in PDAs—will work hand in hand
with intelligent networks to enhance
portable communications.

Over the past five years the demand
for wireless services has risen beyond
all expectations. In 1983 some industry
analysts predicted that fewer than one
million Americans would use cellular
services by the year 2000. Currently
more than 20 million do. Cellular ser-
vices now spearhead the market pene-
tration of wireless communications, as
the number of cellular users grows an-
nually by approximately 50 percent in
North America, 60 percent in western
Europe, 70 percent in Australia and
Asia, and more than 200 percent in
South America’s largest markets.

Analysts now project that by 2001,
three quarters of the households in the
U.S. and nearly half a billion people

WIRELESS NETWORKS based on cellular
technology will be the first infrastruc-
ture to provide telephone service in
some places, such as on this ranch in
Argentina.

RICHARD PASLEY




worldwide will subscribe to a wireless
service of some kind. The Federal Com-
munications Commmission has raised
nearly $8 billion in the past year, with
more to come, by auctioning licenses
to use emerging technologies and radio
spectrum around the frequency of two
gigahertz to provide a new set of wire-
less capabilities known as personal
communications services, or PCS. The
terms of these auctions require licens-
ees to move quickly to install the in-
frastructure needed to provide PCS. The
magnitude of the investment that has
been made by PCS licensees and equip-
ment manufacturers is a measure of
the industry’s confidence in the project-
ed market demand. This phenomenon
is not limited to the U.S. Before the cen-
tury is out, service providers in Europe,
Japan, Thailand, Singapore, Malaysia,
China, Australia, New Zealand and In-
dia all reportedly plan to have PCS sys-
tems up and running.

The growth of the wireless market
has increased pressure on regulatory
bodies to allocate more spectrum and
on service providers to use spectrum
more efficiently by converting to digital
technology.

The Switch to Digital

he present analog standards used
by most cellular systems encode
voices and even digital data into con-
tinuous variations of a carrier wave,
which are then decoded by the receiver.
Already many cellular service providers
are converting their networks to one of
several digital standards that translate
voices and data into a bit stream, which
is sent in waveforms that represent dis-
crete pulses. Compared with their ana-
log counterparts, digital systems can
both expand the capacity of the medium
and compress the messages it carries.
Most cellular and PCS networks will
soon use one of the digital air interface
standards—different ways of sharing
the limited spectrum among many us-
ers at a time—that are now vying for ac-
ceptance. Whether one will eventually
win out remains to be seen. In the most
likely scenario, intelligent base stations
and dual-mode terminals will adapt to a
patchwork of multiple-access air inter-
face standards spread across the wire-
less landscape. But all the leading digi-
tal air interface standards offer a similar
benefit: the ability to pack more bits of
conversations into a slice of spectrum
than an analog system can.
Once wireless service providers switch
to digital, they can further increase the
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number of customers served by employ-
ing compression techniques, which are
improving steadily. A stream of eight
kilobits per second can transmit good-
quality speech; better quality, delivered
not long ago at the rate of 32 kilobits
per second, now requires only 13.

Service providers can also keep ahead
of demand by shrinking the size of each
cell—the area covered by a single base
station—in crowded areas. It is much
easier to add small cells with digital
standards, since they provide error cor-
rection and help the receivers resolve
interference between adjacent cells.

The move to all-digital technology is
driving communications terminals to-
ward greater functionality, smaller size
and lower power. Portable telephones
and other wireless devices are essential-
ly miniature computers with some ex-
tra electronics to transmit and receive
radio signals. As such, they are suscep-
tible to Moore’s Law, an axiom first pos-
tulated by Gordon Moore, co-founder of
Intel, in 1965. It observes that the per-
formance of mass-produced microchips
doubles every 18 months or so.

Every year and a half the digital chips
needed to run a wireless terminal or
base station shrink by about 50 percent.
Already cellular telephones are slipped
into pockets. Soon they could be
strapped onto wrists. Analog base sta-
tions that currently require towers, real
estate and air-conditioned shacks will
eventually be replaced by inconspicuous
digital base stations serving minicells.
Microcell systems deployed to cover
very small areas may even become the
size of a smoke detector.

Over the next few years, cable televi-
sion operators will begin adding base
stations to their fiber-optic and coaxial-
cable networks, carrying telephone traf-
fic on unused cable channels and sup-
plying wireless access to neighborhoods
in competition with other local access
providers. If they use the same air in-
terface standard as a local cellular car-
rier, their telephone customers could
be able to place calls over the cellular
network, and vice versa. Power compa-
nies, which own ubiquitous grids of
communications as well as power facil-
ities, are entertaining similar thoughts.

Data on the Air

Although portable phones and pagers
are certainly convenient—after all,
two out of three business calls still end
in “telephone tag”’—mew devices and
network systems that can transmit and
receive text and images over the air will
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WIRELESS WRISTPHONE created at
AT&T Bell Laboratories demonstrates
that although the market may not be
ready for wearable communications de-
vices, the technology is close at hand.

have a larger impact, in the long term,
on the way people communicate. Built-
in radio modems can link laptops, PDAs
and other handheld digital devices over
today’s predominantly analog cellular
networks, and there are several dedicat-
ed wireless data networks in service.
Digital cellular networks for mobile and
packet data services are beginning to
offer other alternatives. Licenses to pro-
vide “narrowband PCS”—two-way pag-
ing and moderate-speed data messag-
ing services at frequencies around 900
megahertz—were awarded by the FcC
through auctions held in 1994.

First-generation handheld wireless
computers did not catch on, perhaps
because they were somewhat awkward
and had too little functionality for the
price. But as people of every age and
income grow increasingly familiar with
electronic mail, commercial on-line ser-
vices and the Internet, it stands to rea-
son that they will want access to the in-
formation these media offer at any time,
according to need or whim—not just
when they happen to be sitting at a
computer.

It is possible to adapt old-fashioned
devices to receive newfangled messag-
es. Several companies offer to filter and
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forward E-mail, one line at a time, to
your alphanumeric pager via satellite.
Artificial-speech chips are now sophis-
ticated and inexpensive enough that
they could be put into telephones, so
that they would read incoming text
aloud. But more versatile devices will
require displays and reasonably fast
transmission rates to handle graphics
and text.

Analog network technology limits
data communications via modem to
relatively slow speeds: 14.4 kilobits per
second or less. Digital networking will
help somewhat by eliminating conver-
sions between analog and digital for-
mats; it will not necessarily increase
data rates for standard service beyond
the equivalent of a telephone line.

Eventually, even the boost from the
present digital standards and compres-
sion techniques will prove insufficient
to provide enough room to pass data-
intensive messages among hundreds of
millions of customers. By the turn of the
century, wireless faxes will be common,
and video mail could be widely used
throughout wireless as well as wire-line
networks. If spectrum is allocated to ac-

commodate the resulting deluge of im-
ages, it will probably be at frequencies
of around 30 to 40 gigahertz, although
some video services may be available
at 2.5 gigahertz. Because radio signals
at these short wavelengths behave like
light, buildings and even foliage block
them, and coverage is essentially limit-
ed to line of sight. So wireless broad-
band services would be fixed rather
than mobile, and service providers
would need to shrink cells further to
serve large numbers of subscribers.
Air interface standards will also prob-
ably evolve to accommodate broadband
data and video transmission. The first
generation of digital standards pre-
sumes a circuitlike connection between
two devices for an entire call. That ar-
rangement is better suited to telephone
calls than to surfing the Net. The Inter-
net uses standards based on routing
individually addressed packets of data.
Telephone companies designing fiber-
optic networks to carry interactive video
services plan to connect them with
broadband packet switches—using a
technology called asynchronous trans-
fer mode, or ATM—that can shunt pack-

ets of data, voice and video along the
appropriate paths at extremely fast
rates. Wireless networks will follow this
trend when it becomes the most effi-
cient way to combine voice and multi-
media services. It is possible, in fact,
that wireless service providers and ca-
ble TV companies may lead the shift to
ATM. The timing will depend on exist-
ing network assets, technological plans
and investment strategies.

Intelligence in Motion

lAs portable telephones grow in pop-
ularity, they will also tend to offer
more features. Ten years from now you
will almost certainly still be able to buy
a simple wireless device that is limited
to voice calls; it will probably be quite
inexpensive. More common, however,
will be devices that can handle faxes
and video and run software applica-
tions. Doubtless there will be many
styles with widely varying capabilities.
This could cause problems. The smart-
er a device must be, the greater the risk
that its complexity will baffle the user.
And different models will work differ-

Wireless Telephony for Developing Countries

he same technologies that provide flip-phone service

to people on the go can provide basic dial tone to re-
gions where it has never been heard before. This is much
of the planet: about half the people alive today have never
made a telephone call. A number of developing countries
have expressed a desire to leapfrog over a generation or
two of network technology, using wireless infrastructure
to jump-start telephone service.

These countries see two advantages in wireless tele-
phone systems. The first is cost. Many of the facilities nec-
essary for a conventional wire-line access net-
work are typically engineered for 20 to 30 years
of service expansion. As a result, the cost of
building such a network where no infrastructure
exists may be prohibitively high.

With a “fixed wireless” network geared for ac-
cess rather than mobility, a service provider can
cover a large region with base stations and a sin-
gle unit for switching and control—a significantly
smaller investment. Subscribers can then con-
nect to the global network using portable tele-
phones, wireless public telephones, or terminals
mounted on buildings and wired to conventional
telephones. As the number of subscribers grows,
the service provider can easily add more base
stations to split the area covered by the network
into smaller segments.

The second benefit is time. Wireless networks
can be installed in months rather than the years
required to install copper wires. Argentina, for

example, announced in February 1994 that it was award-
ing licenses for the entire country to CTIl, a GTE-led con-
sortium. By May an 800-cell fixed wireless network that
AT&T built for CTI was up and running. It can serve as
many as 160,000 subscribers.

Telecommunications, many have observed, constitutes
the main infrastructure for the global economy. Where
there is a potential for revenue, wireless technology could
offer a bootstrap to participation in that market for many
regions of the world that might otherwise be excluded.

PARTS OF ARGENTINA inaccessible to wire-line telephone service
are now served by a wireless network built in less than six months.
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ently. Picking up a friend’s telephone to
make a call might leave you staring at a
completely unfamiliar user interface.

One way to simplify the operation of
handheld wireless gadgets and make
them more user-friendly is to place
some of the intelligence needed to ac-
complish useful tasks in the network.
Intelligent network services available
now can, for example, forward calls au-
tomatically to a subscriber’s car, office,
home, portable telephone or voice mail.
Software architectures and systems
that facilitate collaboration between in-
telligent devices and intelligent net-
works will improve the accuracy of per-
sonal mobility services—ringing the
right device on the first try—and will
make much more sophisticated inter-
actions possible.

At AT&T, our vision of PCS is that it
will deliver the right service to the right
location and device without any inter-
vention by the caller or the subscriber.
The trick is keeping track of where sub-
scribers are. One solution is to use per-
sonal numbers: one per person, instead
of the three, five, seven or more that to-
day address different devices and net-
work locations where a person might
be reached. Register with the network,
and the network will translate your per-
sonal number, as dialed by a caller, to
the number for the appropriate local
device or mailbox, depending on the
type of call or message and on your
service preferences.

Smart cards offer another solution. If
all telephones were equipped with a
card reader, you could insert your card
in the nearest telephone, even if it be-
longed to someone else, and register
your presence with the network. It
would then direct all your calls—or per-
haps only those from a special list of
priority numbers—to that telephone. Or
you could simply send the network a
normal daily schedule and use the card
to register exceptions. People who
would rather not be found would regis-
ter that with the network, too.

Smart cards might also help get
around the complexity of using sophis-
ticated telephones. Currently when one
travels to another country, dialing 911
does not get an emergency operator;
011 is rarely the correct prefix for in-
ternational calls. Such country-specific
codes may proliferate as devices be-
come more complex. But an interface
description could be stored on a smart
card. Insert that card in a strange de-
vice, and it could reconfigure itself to
work just like your own. You would not
have to learn how to use a plethora of
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WIRELESS DIGITAL VIDEO researchers at Bell Labs are using innovative signal-pro-
cessing techniques to minimize the effects of compression and the vagaries of
transmission through the air on image quality.

new devices; instead they would learn
how to work with you.

Smart cards have been technological-
ly demonstrated. Whether the business
and personal privacy issues they raise
can be settled is another matter. Com-
panies in a wide variety of businesses
see uses for smart cards, but each has
an interest in controlling the personal
information that will be stored on them.

There are other, less controversial
ways to track callers and to provide lo-
cation-specific services. Cellular systems
can already locate a caller’s position to
within a few square miles. A more pre-
cise alternative would be to equip de-
vices with Global Positioning System
receivers, which can often pinpoint their
location to within about 100 feet using
signals from a constellation of orbiting
satellites. Equipping cell sites to locate
devices by triangulation could be less
expensive than using the GPS; this third
method might even be more accurate.

In emergencies, such techniques could
help 911 services reach callers who do
not know where they are. More routine-
ly, networks could offer customers in-
telligent access to interactive data ser-
vices in a kind of “information mall”
that pulls together services from many

independent companies. Arriving in an
unfamiliar town, a traveler might use
her PDA to request a list of nearby Ital-
ian restaurants from the network. The
network could pass this request to a
program run by the Italian Restaurant
Association of America. The listing it
generates might then be sent to an in-
terface program provided by a third
company before appearing on the trav-
eler’s screen. Her PDA would not have
to do much work at all.

Such advanced services will have to
wait for the business to develop. One
of the biggest hurdles is billing: every
company wants to be the one that
bonds with customers and collects in-
formation about them, since that can
lead to new business opportunities.

Ultimately, the distinction between
wireless and wire-line networks will re-
cede to the vanishing point. Portable
devices will be no more difficult to use
than their wired counterparts and will
offer equivalent performance and ser-
vices. Hiding the complexity of wireless
networking technology from the peo-
ple it serves is admittedly a challenge.
But the technology is here and will ulti-
mately be put to its proper use—mak-
ing itself invisible.
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All-Optical

Networks

Fiber optics will become more efficient

as light waves replace electrons for processing

Signals in communications networks

by Vincent W. S. Chan

ontemporary fiber-optic net-
C works transmit voice, video and
data at speeds 10 to 100 times
faster than the standard copper wiring
that has been used in telecommunica-
tions for over a century. They have,
nonetheless, realized only a small frac-
tion of the promise of the technology.
To fulfill its potential, fiber optics
must do more than simply replace cop-
per telephone wiring with thin, cylindri-
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cal conduits of glass that guide light.
Optical transmission must in fact go
beyond the limitations imposed by the
electronics technology that preceded it.

In contemporary fiber-optic networks,
each time a light pulse is amplified,
switched, inserted into or removed from
the network, it must be changed into a
stream of electrons for processing. This
optoelectronic conversion can become
an impediment in very high speed com-
munications. A network must be
saddled with more expensive and
complex electronics, and it becomes
more difficult to process the small-
er pulses of light needed to trans-
mit tens of gigabits (a gigabit is a
billion bits) of digital information
in a second’s time. Above a certain
transmission speed—about 50 giga-
bits per second—electronic equip-
ment will find it hard to handle
this constant back-and-forth trans-
formation between electrons and
light waves.

It would be simpler, faster and
more economical to transfer an op-
tical signal from one end of a net-

work to the other by using the proper-
ties of the light wave itself to route the
transmission along different pathways
through the network. The signal would
become electronic only when it moved
into the circuits of the computer for
which it is destined or else into a low-
er-speed network that still employs
electronic processing of signals.

This all-optical network would build
on the successes of fiber-optics net-
works currently deployed commercially
that rely on optoelectronic components
for signal processing. Commercial fiber-
optic cables owned by long-distance
telecommunications companies, for ex-
ample, transfer telephone calls and vid-
eo images as digital bits, as many as 2.5
gigabits each second per fiber. This mul-
tigigabit transport of information is fast
enough to move an edition of the Ency-
clopcedia Britannica from coast to coast
in a second’s time. But if communica-
tions traffic grows dramatically, reliance
on optoelectronics will eventually limit
the ability of these networks to carry
more information.

With such huge communications pipes
already in place, one might even ques-
tion the necessity of pursuing the de-
velopment of technologies that can in-
crease network capacity 100-fold. In fact,
during the early 1990s, corporate finan-
cial officers at major U.S. telecommu-
nications companies cited an apparent
surfeit of communications capacity and
an absence of market demand to justify
budget reductions that led to the virtu-
al disappearance of fiber-communica-
tions research departments in the U.S.

Despite such dire predictions, the rev-
olution in high-speed fiber communica-
tions may have only just begun. The ad-
vent of a market for digital video could
overwhelm the fastest commercial op-
tical networks. Digital video will require
up to 500 times the communications
capacity, or bandwidth, needed for the

ALL-OPTICAL NETWORKS operate without converting the optical signal to an
electronic format. Each computer or video camera in a segment of the net-

work, or subnetwork, such as the one at the left, uses a transmitter to send a
single wavelength—represented by the colored lines. Each wavelength can
carry several gigabits per second. The three signals are multiplexed, or
merged, into an optical fiber and are sent through an optical amplifier that
boosts the signals. Then each wavelength moves into a router, from which it
is sent to other subnetworks. If two signals share the same wavelength within
the same fiber—as happens in the subnetwork at the upper right—a wavelength
converter changes one of the signals to a different wavelength to avoid a

conflict; the signal from the router is switched from red to blue, for example.

>

>

>
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routine telephone calls transmitted over
fiber-optic networks.

Such a network would also accommo-
date the flow of enormous quantities of
digital data. Proposals abound to create
on-line libraries large enough to hold all
the text, images and audio archives from
the entire Library of Congress. A com-
munications network that could trans-
mit terabits (trillions of bits) of infor-
mation could open the full resources of
aresearch library to every home, school,
office and laboratory.

For these scenarios to materialize,
physicists and engineers must devise
methods to use more of an optical fi-
ber’s capacity. A single fiber could, in
theory, transport 25 terabits each sec-
ond, an amount sufficient to carry si-
multaneously all the telephone calls in
the U.S. on Mother’s Day. But the prac-
tical information-carrying rate of a fi-
ber is much more limited: it is checked
by the tendency of a pulse representing
a digital 0 or 1 to lose its shape over
long distances, as well as the absence
of optical components that can process
information at these blazing speeds.
Recent research advances hold promise
for tapping much more of a network’s
unused bandwidth.

Technical Milestones

any existing research efforts at-

tempt to build on the most impor-
tant development in optical communi-
cations of the past decade: the optical
amplifier. The device allows the power
of a signal to be restored to its original
strength without the usual optical-to-
electronic conversion. In an optical am-
plifier, erbium ions are embedded in
the glass of a fiber. When stimulated
with a laser, the excited ions revivify an
optical signal that has weakened after

ERBIUM-
DOPED
FIBER

OPTICAL
AMPLIFIER
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a journey of tens of miles. Optical am-
plifiers, which have recently been de-
ployed in commercial networks, dem-
onstrate superior performance for very
high speed networking: unlike electron-
ic amplifiers, they can amplify a signal
carrying data at transmission speeds
greater than 50 gigabits per second,
and they can boost the power of many
wavelengths simultaneously.

Optical multiplexing technology, for
one, allows a fiber to be used more effi-
ciently because separate data-carrying
signals can be sent over the same fiber.
Multiplexing is important because of
the demands on capacity that could be
put on future networks. A television
program with high-resolution images,
for instance, could consume up to a
gigabit per second of bandwidth if the
data in the image are not compressed.
The simplest form, called wavelength-
division multiplexing, is analogous to
radio broadcasting [see illustration on
these two pages]. Each transmitter on
this network contains a laser that can
be adjusted to dispatch a signal at a
certain wavelength, or color, of light.

Just as a transistor radio can be set
to pick up a certain frequency, an opto-
electronic receiver can be tuned to the
desired light wavelength. In the labora-
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OPTICAL DEMULTIPLEXER takes a stream of data moving at 40 gigabits per second
and breaks it into separate lower-speed transmissions. A device called a nonlinear
optical loop mirror receives incoming light pulses (each pulse represents one bit of
data) and splits it in two. The signals move through the loop of optical fiber in op-
posite directions. A train of control pulses ( green) and the blue, clockwise pulses
interact with one another because of certain nonlinear physical properties in the
fiber. This interplay of light pulses changes the phase of some of the clockwise
pulses (shown as blue turning to red). After the control pulse leaves the loop, the
two pulse streams moving in opposite directions merge back at the signal splitter,
emitting 10-gigabit-per-second pulses (yellow) from one fiber and 30-gigabit-per-

second pulses ( purple) from the other.

tory, AT&T has shown that this method
of combining signals allows up to 17
different wavelengths, each transporting
20 gigabits per second—a capacity to-
taling 340 gigabits per second—to be
carried more than 90 miles.

Building Subnetworks

espite the fiber’s huge potential,

the information-carrying capacity

of a network that uses a light-wave
broadcasting scheme can still become
exhausted. Adjacent wavelengths of
light can transport only a limited num-
ber of video transmissions without one
signal’s interfering with another. To
avoid conflicting signals, a “guard band”
in an unused portion of the optical spec-
trum must be interspersed between
each of the wavelengths that conveys
information. The presence of the guard
bands diminishes the useful bandwidth.
Because a network may run out of
capacity, it will have to be partitioned
into separate segments, each of which
is called a subnetwork. The wavelengths
that carry messages within one subnet-
work can be reallocated for separate
transmissions in another subnetwork.
Once again, existing broadcast media
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present an analogy: a radio station in
Los Angeles can use the same frequen-
cies as a station in New York City with-
out interference.

Building an actual network from these
concepts poses a number of technolog-
ical challenges. In March 1995 a consor-
tium that combined the efforts of AT&T,
Digital Equipment Corporation and the
Massachusetts Institute of Technology
demonstrated wavelength-division mul-
tiplexing that linked together a number
of subnetworks. Each fiber on this net-
work, located in eastern Massachusetts,
can carry 20 wavelengths, each of which
can transport up to 10 gigabits per sec-
ond of digital data. The network was
scheduled to be extended to include an
AT&T laboratory in Crawford Hill, N.]J.,
during the summer of 1995.

This All-Optical Networks Program,
sponsored by the Department of De-
fense’s Advanced Research Projects
Agency (ARPA), with additional invest-
ments by AT&T and Digital Equipment
Corporation, has tested the critical
hardware for wavelength-division mul-
tiplexing—the lasers and filtering devic-
es needed to send and receive specific
wavelengths over the same fiber.

It has also explored an all-optical
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means to switch those signals to differ-
ent fibers as they move from one sub-
network to another. A prismlike switch-
ing device called a router diffracts the
light traveling through a fiber into its
component wavelengths. Each wave-
length can then be “routed” along a dif-
ferent pathway in the router’s silicon-
and-glass structure and into one of up
to 20 output fibers that deliver the sig-
nals to their destination. The consor-
tium has also tested an all-optical de-
vice, a wavelength converter, that can
change the wavelength—which is useful
if two distinct transmissions conflict by
attempting to use the same wavelength.

Besides the network in Massachusetts,
other projects targeting wavelength-di-
vision multiplexing have been launched
with funding from ARPA: IBM leads one
effort; Bell Communications Research
(Bellcore) heads another. The European
Union’s RACE (Research and Develop-
ment for Advanced Communications in
Europe) Program has also begun to in-
vestigate this technology, as has NTT,
the Japanese telecommunications giant.

Wavelength-division multiplexing is
ideally suited to the growing demand
for video communications in which two
locations may be connected continu-
ously for a matter of hours.

But a different approach to network-
ing will be needed for sending data
from one computer to another. Comput-
er networks, in contrast to video linkag-
es, usually send data (such as a digital
graphics file) from one point to another

Copyright 1995 Scientific American, Inc.
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in short, high-speed bursts. To accom-
modate this type of traffic, computers
often communicate through a network
in which the data move from a sender to
a receiver in discrete units called pack-
ets. A message may be broken into many
discrete packets and then switched onto
one of several open pathways that lead
to a receiving computer.

Packet-switched data can be trans-
ferred more rapidly and with less ex-
pense because there is no need to spend
time or network resources to establish
a dedicated path between a sender and
receiver. Each packet contains an ad-
dress that denotes both its destination
and how it fits together with other pack-
ets that are part of the same message.
The packets can travel to their destina-
tion over any of several pathways
through the network. The packets are
then reassembled, like the pieces of a
puzzle, at the receiving site to form a
coherent message.

The Future of the Internet

Perhaps the best-known electronic
version of a packet network is the
Internet. The technological future of the
Internet may be gleaned by examining
advanced research in optical-packet
networks. In such a network, a single
wavelength would carry pulses of light
from a laser that can switch off and on
in a trillionth of a second. The light
pulses are generated by lasers quickly
enough to transmit as many as 100 gi-
gabits each second, with each pulse rep-
resenting one bit. Each pulse would be
combined with perhaps 10,000 or so
other pulses from the same laser to cre-
ate a data packet.

As with wavelength-division multi-
plexing, one of the principal challenges
in building such an optical superhigh-
way is to multiplex and switch these
packets of data without having to con-
vert them to an electronic signal. A fi-
ber may transmit a total of 100 gigabits
each second but is divided into designat-
ed time intervals so that 10 users, say,

can each send 10 gigabits per second.

Each sender of data can be assigned
a slot of time in which to place packets
with 10 gigabits per second of data onto
the network, or it may transmit them in
any unused time slot. The packets from
one sender get interspersed with pack-
ets from other senders, each of them
having a different time interval in which
to transmit a message. Because com-
munications capacity is apportioned by
time, not wavelength, the technique is
called time-division multiplexing.

At M.I.T., we have been working on
the technologies and designs for a 100-
gigabit-per-second, all-optical network
using this multiplexing technique. The
network hardware under development
ranges from high-speed lasers that can
transmit 100 billion pulses per second
to optical buffers for storing pulses.

In one project, we have shown how to
extract data from a fiber transporting a
total of 40 gigabits of data using time-
division multiplexing. A device known
as a nonlinear optical loop mirror is ca-
pable of processing the optical signal to
multiplex, demultiplex, switch or even
store information. For demultiplexing, it
receives light pulses from a fiber trans-
porting a 40-gigabit-per-second stream
of data. In the loop mirror, which is a
circular strand of fiber with special ma-
terial properties, the optical signal inter-
acts with another series of light pulses
that have been injected into the device
by a laser. The interaction of these dif-
ferent trains of light pulses causes a
signal to emerge, and it transports 10
gigabits of the data into a new fiber.

At the same time, the original signal—
now carrying the remaining 30 gigabits
per second of data—returns to the fi-
ber from which it entered the mirror. If
demultiplexing is not desired, the light
returns to the original fiber unaltered,
still transporting the full 40 gigabits
per second of data [see illustration on
page 74]. M.I.T. is not alone in its re-
search. Recently NTT performed a sim-
ilar experiment with a 100-gigabit-per-
second transmission.

The optical loop mirror can also serve
as a digital-processing device. In demul-
tiplexing the signal, the loop mirror ei-
ther modifies the signal or leaves it un-
changed—an on-or-off state identical to
the 0 or 1 of digital logic. By chaining
together several loop mirrors, a logic de-
vice can be fashioned that “reads” the
addresses in packets of data.

Network designers could combine op-
tical logic and demultiplexing to build
a rudimentary communications switch.
The logic devices would determine
whether some of the data should be un-
loaded from the incoming signal by
reading the address of a packet—and,
if so, the demultiplexer would switch
the desired data to one of several out-
put fibers for routing to the appropri-
ate computer or subnetwork.

M.LT. researchers have also used an
optical fiber to construct an optical stor-
age device, a buffer that can retain light
pulses temporarily before they are rout-
ed to their destination. In the prototype,
a signal that enters the loop is chan-
neled through a series of devices that
restore and condition the signal. The
ability to “buffer” information in these
devices is enhanced by a type of light
pulse called a soliton, which retains its
original shape almost indefinitely. The
soliton’s ability to resist degradation
also makes it well suited for long-dis-
tance transmission on optical networks.

All-optical communications will, for
years to come, face competition from
electronic communications, whose price
continues to drop while its performance
improves. Nevertheless, an all-optical
network offers compelling advantages.
It would provide so much capacity that
the exchange of video and large comput-
er files would become routine. A video
camcorder owner could plug the cam-
era into a cable wall outlet and have rel-
atives across the country participate in
a child’s birthday through video linkag-
es. In fact, one can only begin to imag-
ine the uses for a network in which
bandwidth becomes as inexpensive as
electricity, gas or water.
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Artificial

Intelligence

A crucial storehouse

of commonsense knowledge

is now taking shape

by Douglas B. Lenat

ne of the most frustrating les-
O sons computers have taught

us time and time again is that
many of the actions we think of as dif-
ficult are easy to automate—and vice
versa. In 1944 dozens of people spent
months performing the calculations re-
quired for the Manhattan Project. To-
day the technology to do the same thing
costs pennies. In contrast, when re-
searchers met at Dartmouth College in
the summer of 1956 to lay the ground-
work for artificial intelligence (AI), none

80

of them imagined that 40 years later we
would have come such a short distance
toward that goal.

Indeed, what few successes artificial
intelligence has had point up the weak-
ness of computerized reasoning as
much as they do its narrow strengths.
In 1965, for example, Stanford Universi-
ty’s Dendral project automated sophis-
ticated reasoning about chemical struc-
tures; it generated a list of all the possi-
ble three-dimensional structures for a
compound and then applied a small set
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of simple rules to select the most plau-
sible ones. Similarly, in 1975 a program
called Mycin surpassed the average
physician in the accuracy with which it
diagnosed meningitis in patients. It rig-
orously applied the criteria that expert
clinicians had developed over the years
to distinguish among the three differ-
ent causes of the disease. Such tasks
are much better suited to a computer
than to a human brain because they
can be codified as a relatively small set
of rules to follow; computers can run
through the same operations endlessly
without tiring.

Meanwhile many of the tasks that
are easy for people to do—figure out a
slurred word in a conversation or rec-
ognize a friend’s face —are all but im-
possible to automate, because we have
no real idea of how we do such things.
Who can write down the rules for rec-
ognizing a face?

As a result, amid the explosive prog-
ress in computer networking, user inter-
face agents and hardware (each chroni-
cled elsewhere in this issue), artificial
intelligence appears to be an under-
achiever. After initial gains led to high
expectations during the late 1970s and
early 1980s, there was a bitter backlash
against Al in both industry and govern-
ment. Ironically, 11 years ago, just as
the mania was at its peak, I wrote an
article for SCIENTIFIC AMERICAN [“Com-
puter Software for Intelligent Systems,”
September 1984] in which I dared to be
fairly pessimistic about the coming de-
cade. And now that the world has all but
given up on the Al dream, I believe that
artificial intelligence stands on the brink
of success.

My dire predictions arose because
the programs that fueled Al hype were
not savants but idiot savants. These so-
called expert systems were often right,
in the specific areas for which they had
been built, but they were extremely brit-
tle. Given even a simple problem just
slightly beyond their expertise, they
would usually get a wrong answer, with-
out any recognition that they were out-
side their range of competence. Ask a

COMMON SENSE undergirds even the
simplest tasks that people perform. A
person searching for pictures of wet
people (left), for instance, can scan
through a vast list of captions and pick
out likely candidates by bringing com-
monsense knowledge of the world to
bear, even if the image description con-

Copyright 1995 Scientific American, Inc.



“Running a marathon entails running for
at least a couple of hours.”

(Implies (O e runningAMarathon)

(And ([J e Running)

(duration e (IntervalMin (HoursDuration 2)))
Show me sa,vaqor (Implies (performedByle X) [% X Puerson))))

Garcia
a person finishing a |
1 marathon .
Wh Ols Wet’ o Salvador Garcia is a person who has been
in 1990. e
running for more than two hours.

medical program about a rusty old car,
and it might blithely diagnose measles.

Furthermore, these programs could
not share their knowledge. Mycin could
not talk to programs that diagnosed
lung diseases or advised doctors on can-
cer chemotherapy, and none of the med-
ical programs could communicate with
expert scheduling systems that might
try to allocate hospital resources. Each
represented its bit of the world in idio-
syncratic and incompatible ways be-
cause developers had cut corners by in-
corporating many task-specific assump-
tions. This is still the case today.

No Program Is an Island

People share knowledge so easily that
we seldom even think about it. Un-
fortunately, that makes it all the more
difficult to build programs that do the
same. Many of the prerequisite skills
and assumptions have become implicit
through millennia of cultural and bio-
logical evolution and through universal
early childhood experiences. Before ma-
chines can share knowledge as flexibly
as people do, those prerequisites need
to be recapitulated somehow in explic-
it, computable forms.

For the past decade, researchers at
the CYC project in Austin, Tex., have
been hard at work doing exactly that.
Originally, the group examined snip-
pets of news articles, novels, advertise-
ments and the like and for each sen-
tence asked: “What did the writer as-
sume that the reader already knew?” It
is that prerequisite knowledge, not the
content of the text, that had to be codi-

tains no synonym of “wet.” A program
with access to the same kind of knowl-
edge can also perform this task, run-
ning through a short chain of infer-
ences (right) to decide whether a cap-
tion is relevant. Yet without those few
pieces of everyday knowledge, no
amount of reasoning would suffice.
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“Running entails high exertion.”

(Implies (And (O e Running) (performedBy e x))
(levelOfPhysicalExertion x e High))

Salvador Garcia has been doing high
exertion for more than two hours.

(3

unning entails high exertion.”

“People sweat when doing something at a high
exertion level; they generally start sweating within
10 minutes and continue for at least a couple of
minutes after they stop that activity.”

(Implies (And (O x Person)
(levelOfPhysicalExertion x e High)
(duration e (IntervalMin (MinutesDuration 10))))
(ThereExists s
(And (O s Sweating)
(doneBy s x)
(temporallySubsumes
s
(TimelntervalFrom
(DateAfter (StartOf e) (minutesDuration 10))
(DateAfter (EndOf e) (minutesDuration 2)))))))

Salvador Garcia is sweating.

o
“You’re wet when you sweat.”

(Implies (And (O e Sweating) (doneBy e x))
(holdsIn e (wetnessOfObject x Wet)))

Salvador Garcia
is wet.
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fied. This process has led the group to
represent 100,000 discrete concepts
and about one million pieces of com-
monsense knowledge about them.
Many of these entities—for example,
“BodyOfWater”—do not correspond to
a single English word. Conversely, an
innocuous word such as “in” turns out
to have two dozen meanings, each cor-
responding to a distinct concept. The
way in which you, the reader, are in a
room is different from the way the air
is in the room, the way the carpet is in
the room, the way the paint on the walls
is in the room and the way a letter in a
desk drawer is in the room. Each way
that something can be “in” a place has
different implications—the letter can
be removed from the room, for instance,
whereas the air cannot. Neither the air
nor the letter, however, is visible at first
glance to someone entering the room.

What Everyone Knows

ost of these pieces of knowledge

turned out not to be facts from an
almanac or definitions from a dictio-
nary but rather common observations
and widely held beliefs. CYC had to be
taught how people eat soup, that chil-
dren are sometimes frightened by ani-
mals and that police in most countries
are armed.

To make matters even more compli-
cated, many of the observations we in-
corporated into CYC’s knowledge base
contradict one another. By the time a
knowledge-based program grows to
contain more than 10,000 rules—1 per-
cent of CYC’s size—it becomes difficult
to add new knowledge without inter-
fering with something already present.
We overcame this hurdle by partition-
ing the knowledge base into hundreds
of separate microtheories, or contexts.
Like the individual plates in a suit of ar-
mor, each context is fairly rigid and con-
sistent, but articulations between them
permit apparent contradictions among
contexts. CYC knows that Dracula was a
vampire, but at the same time it knows
that vampires do not exist.

Fictional contexts (such as the one
for Bram Stoker’s novel) are important
because they allow CYC to understand
metaphors and use analogies to solve
problems. Multiple contexts are also
useful for reasoning at different levels
of detail, for capturing the beliefs of dif-
ferent age groups, nationalities or his-
toric epochs, and for describing differ-
ent programs, each of which makes its
own assumptions about the situation in
which it will be used. We can even use
all the brittle idiot savants from past
generations of Al by wrapping each one
in a context that describes when and
how to use it appropriately.

The breadth of CYC’s knowledge is
evident even in a simple data retriev-
al application we built in 1994, which
fetches images whose descriptions
match the criteria a user selects. In re-
sponse to a request for pictures con-
taining seated people, CYC was able to
locate this caption: “There are some
cars. They are on a street. There are
some trees on the side of the street.
They are shedding their leaves. Some of
them are yellow taxicabs. The New York
City skyline is in the background. It is
sunny.” The program then used its for-
malized common sense about cars—
they have a driver’s seat, and cars in
motion are generally being driven—to
infer that there was a good chance the
image was relevant. Similarly, CYC could
parse the request “Show me happy peo-
ple” and deliver a picture whose caption
reads, “A man watching his daughter
learn to walk.” None of the words are
synonymous or even closely related,
but a little common sense makes it
easy to find the connection.

Ready for Takeoff

YC is far from complete, but it is ap-

proaching the level at which it can
serve as the seed from which a base of
shared knowledge can grow. Programs
that understand natural languages will
employ the existing knowledge base to
comprehend a wide variety of texts lad-
en with ambiguity and metaphor; in-

formation drawn from CYC’s readings
will augment its concepts and thus en-
able further extensions. CYC will also
learn by discovery, forming plausible
hypotheses about the world and testing
them. One of the provocative analogies
it noticed and explored a few years ago
was that between a country and a fami-
ly. Like people, CYC will learn at the
fringes of what it already knows, and so
its capacity for education will depend
strongly on its existing knowledge.

During the coming decade, research-
ers will flesh out CYC’s base of shared
knowledge by both manual and auto-
mated means. They will also begin to
build applications, embedding com-
mon sense in familiar sorts of software
appliances, such as spreadsheets, data-
bases, document preparation systems
and on-line search agents.

Word processors will check content,
not just spelling and grammar; if you
promise your readers to discuss an is-
sue later in a document but fail to do so,
a warning may appear on your screen.
Spreadsheets will highlight entries that
are technically permissible but violate
common sense. Document retrieval pro-
grams will understand enough of the
content of what they are searching—and
of your queries—to find the texts you
are looking for regardless of whether
they contain the words you specify.

These kinds of programs will act in
concert with existing trends in comput-
er hardware and networks to make
computer-based services ever less ex-
pensive and more ubiquitous, to build
steadily better user models and agent
software and to immerse the user deep-
er in virtual environments. The goal of
a general artificial intelligence is in sight,
and the 21st-century world will be rad-
ically changed as a result. The late Allen
Newell, one of the field’s founders, lik-
ened the coming era to the land of Faery:
inanimate objects such as appliances
conversing with you, not to mention
conversing and coordinating with one
another. Unlike the creatures of most
fairy stories, though, they will generally
be plotting to do people good, not ill.
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Intelligent

Software

Programs that can act independently

will ease the burdens

that computers put on people

by Pattie Maes

omputers are as ubiquitous as
C automobiles and toasters, but

exploiting their capabilities still
seems to require the training of a super-
sonic test pilot. VCR displays blinking
a constant 12 noon around the world
testify to this conundrum. As interactive
television, palmtop diaries and “smart”
credit cards proliferate, the gap be-
tween millions of untrained users and
an equal number of sophisticated mi-
croprocessors will become even more
sharply apparent. With people spend-
ing a growing proportion of their lives
in front of computer screens—inform-

ing and entertaining one another, ex-
changing correspondence, working,
shopping and falling in love—some ac-
commodation must be found between
limited human attention spans and in-
creasingly complex collections of soft-
ware and data.

Computers currently respond only to
what interface designers call direct ma-
nipulation. Nothing happens unless a
person gives commands from a key-
board, mouse or touch screen. The com-
puter is merely a passive entity waiting
to execute specific, highly detailed in-
structions; it provides little help for

complex tasks or for carrying out ac-
tions (such as searches for information)
that may take an indefinite time.

If untrained consumers are to employ
future computers and networks effec-
tively, direct manipulation will have to
give way to some form of delegation.
Researchers and software companies
have set high hopes on so-called soft-
ware agents, which “know” users’ inter-
ests and can act autonomously on their
behalf. Instead of exercising complete
control (and taking responsibility for
every move the computer makes), peo-
ple will be engaged in a cooperative pro-
cess in which both human and comput-
er agents initiate communication, mon-
itor events and perform tasks to meet
auser’s goals.

The average person will have many
alter egos—in effect, digital proxies—
operating simultaneously in different
places. Some of these proxies will sim-
ply make the digital world less over-
whelming by hiding technical details of
tasks, guiding users through complex
on-line spaces or even teaching them
about certain subjects. Others will ac-
tively search for information their own-
ers may be interested in or monitor
specified topics for critical changes. Yet
other agents may have the authority to
perform transactions (such as on-line
shopping) or to represent people in
their absence. As the proliferation of pa-

ARTIFICIAL EVOLUTION produces software agents that can
find information matching a particular user’s criteria. In this
schematic representation of a system built by the author, agents

examine pieces of information (red blocks) that their owner has
found interesting (a) and then disperse to find similar material
(b). Those that bring back irrelevant data are culled (c); those
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per and electronic pocket diaries has
already foreshadowed, software agents
will have a particularly helpful role to
play as personal secretaries—extended
memories that remind their bearers
where they have put things, whom they
have talked to, what tasks they have al-
ready accomplished and which remain
to be finished.

This change in functionality will most
likely go hand in hand with a change in
the physical ways people interact with
computers. Rather than manipulating a
keyboard and mouse, people will speak
to agents or gesture at things that need
doing. In response, agents will appear
as “living” entities on the screen, con-
veying their current state and behavior
with animated facial expressions or
body language rather than windows
with text, graphs and figures.

A Formidable Goal

Athough the tasks we would like
software agents to carry out are
fairly easy to visualize, the construction
of the agents themselves is somewhat
more problematic. Agent programs dif-
fer from regular software mainly by
what can best be described as a sense
of themselves as independent entities.
An ideal agent knows what its goal is
and will strive to achieve it. An agent
should also be robust and adaptive, ca-

pable of learning from experience and
responding to unforeseen situations
with a repertoire of different methods.
Finally, it should be autonomous so
that it can sense the current state of its
environment and act independently to
make progress toward its goal.
Programmers have difficulty crafting
even conventional software; how will
they create agents? Indeed, current
commercially available agents barely
justify the name. They are not very in-
telligent; typically, they just follow a set
of rules that a user specifies. Some E-
mail packages, for example, allow a user
to create an agent that will sort incom-
ing messages according to sender, sub-
ject or contents. An executive might
write a rule that forwards copies of all
messages containing the word “meet-
ing” to an administrative assistant. The
value of such a minimal agent relies
entirely on the initiative and program-
ming ability of its owner.
Artificial-intelligence researchers have
long pursued a vastly more complex ap-
proach to building agents. Knowledge
engineers endow programs with infor-
mation about the tasks to be performed
in a specific domain, and the program
infers the proper response to a given
situation. An artificially intelligent E-
mail agent, for example, might know
that people may have administrative as-
sistants, that a particular user has an as-

sistant named, say, George, that an as-
sistant should know the boss’s meeting
schedule and that a message containing
the word “meeting” may contain sched-
uling information. With this knowledge,
the agent would deduce that it should
forward a copy of the message.

People have been trying to build such
knowledge-based agents for 40 years.
Unfortunately, this approach has not
yet resulted in any commercially avail-
able agents. Although knowledge engi-
neers have been able to codify many
narrow domains, they have been unable
to build a base of all the commonsense
information that an agent might need
to operate in the world at large. At pres-
ent, the only effort to systematize that
knowledge is at the CYC project at Cy-
corp in Austin, Tex. [see “Artificial Intel-
ligence,” by Douglas B. Lenat, page 80].
It is too early to tell whether a CYC-
based agent would have all the knowl-
edge it needs to make appropriate de-
cisions and especially whether it would
be able to acquire idiosyncratic knowl-
edge for a particular user. Even if CYC
is successful, it may prove hard for peo-
ple to trust an agent instructed by
someone else.

Both the limited agents now distrib-
uted commercially and the artificial-in-
telligence versions under development
rely on programming in one form or an-
other. A third and possibly most prom-

MICHAEL GOODMAN

that deliver useful files reproduce (creating offspring that com-
bine their features) and go out to search again (d). After a few
generations, the agent population comes to match the user’s

needs; if those requirements change, the digital species will
adapt. Such digital ecosystems may become a commonplace fea-
ture of the networked world.
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ising approach employs techniques de-
veloped in the relatively young field of
artificial life, whose practitioners study
mechanisms by which organisms orga-
nize themselves and adapt in response
to their environment. Although they are
still primitive, artificial-life agents are
truly autonomous: in effect, they pro-
gram themselves. Their software is de-
signed to change its behavior based on
experience and on interactions with
other agents. At the Massachusetts In-
stitute of Technology, we have built soft-
ware agents that continuously watch a
person’s actions and automate any reg-
ular patterns they detect. An E-mail
agent could learn by observation that
the user always forwards a copy of a
message containing the word “meet-
ing” to an administrative assistant and
might then offer to do so automatically.

Agents can also learn from agents
that perform the same task. An E-mail
agent faced with an unknown message
might query its counterparts to find out,
for example, that people typically read
E-mail messages addressed to them per-
sonally before they read messages ad-
dressed to a mailing list. Such collabo-
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AGENT ICONS tell the user about an
agent’s current state. Faces are deliber-
ately simplified to avoid presenting an
impression of more intelligence than
the agent actually possesses.

ration can make it possible for collec-
tions of agents to act in sophisticated,
apparently intelligent ways even though
any single agent is quite simple.

Turing Meets Darwin

Over time, “artificial evolution” can
codify and combine the behaviors
of the most effective agents in a sys-
tem (as rated by their owners) to breed
an even fitter population. My colleagues
and I have built such a system to devel-
op agents to search a database and re-
trieve articles that might interest their
users. Each succeeding generation
matches its owner’s interests better.

In time, this approach could result in
a complete electronic ecosystem housed
in the next century’s computer net-
works. Agents that are of service to us-
ers or to other agents will run more of-
ten, survive and reproduce; those that
are not will eventually be purged. Over
time, these digital life-forms will fill dif-
ferent ecological niches—some agents
could evolve to be good indexers of
databases, whereas others would use
their indices to find articles of interest
to a particular user. There will be exam-
ples of parasitism, symbiosis and many
other phenomena familiar from the bi-
ological world. As external demands for
information change, the software eco-
system will continually renew itself.
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Obviously the widespread dissemina-
tion of agents will have enormous social,
economic and political impact. Agents
will bring about a social revolution: al-
most anyone will have access to the
kind of support staff that today is the
mark of a few privileged people. As a
result, they will be able to digest large
amounts of information and engage in
several different activities at once. The
ultimate ramifications of this change
are impossible to predict.

The shape of the changes that agents
bring will, of course, depend on how
they are employed; many questions
have yet to be answered, others even to
be asked. For example, should users be
held responsible for the actions of their
agents? How can we ensure that an
agent keeps private all the very person-
al information it accumulates about its
owner?

Should agents automate the bad hab-
its of their owners or try to teach them
better ones (and if so, who defines
“better”)? As the electronic ecosystem
grows in complexity and sophistication,
will it be possible to ensure that there
is still enough computing power and
communications bandwidth left over for
the myriad tasks
that human be-
ings want to get
accomplished?
The limited ex-
periments that
researchers have
performed thus
far only hint at
the possibilities
now opening up.
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Commentary

Virtual
Reality

VR will transform computers into
extensions of our whole bodies

by Brenda Laurel

ince the hype began in

the mid-1980s, virtual

reality (VR) has capti-
vated public interest with pic-
tures of people wearing enor-
mous goggles and sensor-la-
den gloves. The technologies
used to immerse people in
a computer-generated world
will, however, change radical-
ly during the coming decade,
making the begoggled cyber-
naut as quaint an image as the undersea explorer in a heavy
metal diving helmet.

The important thing about VR is what it does rather than
how its effects are achieved: it permits people to behave as
if they were somewhere they are not. That place may be a
computational fiction or a re-created environment from an-
other place or time. VR transports perceptions by appealing
to several senses at once—sight, hearing and touch—and by
presenting images that respond immediately to one’s move-
ments. The techniques for creating this illusion differ depend-
ing on the kind of place being visited and what a user wants
to do while there. A pilot in a flight simulator, for example,
might need hydraulic actuators to simulate banks and turns,
whereas a molecular biologist exploring the bonds between
molecules might need particularly fine position sensors and
mechanisms to simulate the “feel” of interatomic forces.

Certainly the coming decades will bring dramatic improve-
ments in existing applications through faster, “smarter”
computing and improved interface technology. Bulky, head-
mounted stereoscopic displays will be replaced by light-
weight “glasses” that can superimpose synthesized images
on the real world. The encrustations of tracking and sensing
devices cybernauts now wear will be integrated into clothing
or replaced by video cameras and other sensors that moni-
tor movements and gestures from a distance. Similarly,
technologies that simulate the sensations of force, resis-
tance, texture and smell will become available.

Initially, such new equipment will make existing applica-
tions work faster and more comfortably. Already people are
performing complex, delicate tasks in hazardous environ-
ments, such as space or the inside of nuclear reactors. Pilots
and astronauts train in VR cockpits that merge three-dimen-
sional graphics with the view out the window and that con-
tain sound systems offering cues about their surroundings.
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Architects and planners walk through the environments they
design to see how it might feel to live and work inside them.
(For a speculative foretaste of the wider possibilities, one can
go to arcades and amusement parks where people fly combat
missions, fight dinosaurs or travel through the human body.)

As software evolves, as computing power increases, VR will
be used to present models of all kinds of complex dynamic
systems, from personal investments to global economics and
from microorganisms to galaxies. During the past decade,
the success of scientific visualization has shown how to har-
ness people’s ability to see patterns in properly presented
data; soon it will be possible to bring multiple senses to bear
simultaneously, engendering a response from the mind and
the body that will be more than the sum of its parts.

The social uses of VR will also be an important force in its
evolution. Even in the simple text-based on-line environments
known as MUDs (Multi-User Dimensions), researchers have
shown that a sense of place is crucial to communication and
community. In the real world, people devote a great deal of
energy to creating particular places as a context for social in-
teraction—consider display windows, architecture and inte-
rior design. VR will make it possible to carry many of those
skills over to cyberspace. As virtual spaces begin taking on a
richer, more complex texture, VR will be the foundation of a
major transformation in the ethos of computing. People
have until now thought of computers as the last stop on the
road of mind-body dualism: as close to disembodied thought
as the material world permits. Computers generally have no
sense organs, nor do they address human senses particularly
well. They have evolved as a race of severed heads, doomed
by the arcana of their communications mechanisms to make
extremely small talk with people who are almost as strange
as they are.

VR, in contrast, makes little or no distinction between body
and mind. Instead it employs in a new context the bodily
senses that evolution has so magnificently prepared. VR is
concerned with the nature of the body—how our senses work,
how we move around, how we get the feeling of being some-
where and how the sense of presence affects us. It is also
concerned with representing the nature of things, both vir-
tual and actual, in ways that reveal their structure, dynamics
and potential uses.

Artists, who have always had to think about the interplay
between intellectual and physical responses to their
work, may play a more pivotal role in the development of
VR than technologists, who may be content with the comput-
ers as a medium that exclusively addresses the disembodied
human intellect. As artists explore the expressive potential
of VR, they will grow more adept at representing the sub-
tleties and complexities of experience—from “synthesthesia”
to emotional associations—and VR tools and technology will
evolve accordingly.

As a result, virtual reality may function as a link from the
technological manifestations of humanity back to the world
that technology has ostensibly supplanted. VR may trans-
form our understanding of computers from severed heads
to extensions of our whole selves. And in doing so, it may
even offer a way to imagine ourselves, technology and all, as
part of the natural world.

BRENDA LAUREL, an expert on interactive media, video
games and virtual reality, is on the research staff of Interval
Research Corporation in Palo Alto, Calif. She is the author of
Computers as Theatre (Addison-Wesley, 1993).
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Commentary

Satellites for a

Developing World

Satellites could provide universal
access to the information economy

by Russell Daggatt

ost people on this
planet do not have
access even to the

most basic telephone service.
To cite just one statistic, more
than half the world’s popula-
tion lives more than two
hours’ travel time from the
nearest telephone. The high
cost of wire-line infrastruc-
ture has often kept telecom-
munications services from re-
mote areas—as well as many not so remote areas.

Vast regions of the developing world are completely with-
out telephone service. India has 860 million people but only
about seven million telephone lines, virtually all of them clus-
tered in a few large cities. Even in the U.S., despite its univer-
sal service principle, rural service is often woefully inade-
quate for the 21st century.

Where basic telephone service is available, the networks
over which it is provided consist of 100-year-old technolo-
gy—analog copper wire—that for the most part will never be
upgraded to the digital, broadband capability required for
the advanced network connections that have come to be
known as the information highway.

As the rapid movement of information becomes increas-
ingly essential to all those things we associate with a high
standard of living—from education and health care to eco-
nomic development and public services—there is a real dan-
ger that the quality of life will not improve, and may even
decline, in areas that lack a digital broadband infrastructure.

There will be plenty of optical fiber, with its enormous ca-
pacity, linking countries and telephone companies. But fiber
connections between individual offices and homes will be
much rarer, even in heavily industrial regions.

As others have observed elsewhere in this issue [see “Wire-
less Networks,” by George 1. Zysman, page 68], wireless sys-
tems, whether they employ satellites, cellular transceivers or
some combination of the two, can provide a way to extend
the principle of universal service to underserved areas at low
cost. Satellites and cellular systems are not interchangeable,
however. To understand why, one must look ahead to what
the developing world will need to participate in the future
information-based economy.

The large fraction of the world that either has no access to

basic telephone service or has access only through low-data-
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rate cellular systems needs a complementary technology
that can inexpensively support broadband data and multi-
media applications. In the developing world, these applica-
tions are not likely to be primarily for personal use but rath-
er will be shared in such institutions as hospitals, schools,
government offices and businesses. In health care, for exam-
ple, doctors and other caregivers can consult with specialists
thousands of miles away, share medical records and images,
relay critical information during epidemics, distribute glob-
ally the latest results of their research, expedite routing of
medical supplies during disaster-relief efforts and give re-
mote instruction in nutrition, sanitation and infant care.

With universal access to interactive broadband capabilities,
information can flow freely between people, creating wider
communities. In this context, satellite systems can comple-
ment terrestrial cellular systems in providing advanced
broadband information infrastructures in areas where it
would not be economically feasible to string wires.

Some of the advantages offered by satellites parallel those
of land-based cellular systems. Satellites can serve vast areas
at a cost that is indifferent to location. Satellite terminals
can be deployed much more quickly and flexibly than cables
can be laid. Moreover, because subscribers are not given ex-
clusive use of satellite channels, the costs can be spread over
many users all sharing the same resources.

But satellites can have some advantages over cellular sys-
tems. As the distances between users and the variability of the
traffic increase, satellites’ wider areas of coverage can make
them more cost-effective. Satellites are also invulnerable to
surface calamities, such as earthquakes, floods, fires and hur-
ricanes, that cripple terrestrial communications systems.

erhaps most important, satellite communications may

help stem the large-scale migration of people from the
countryside to cities and from the developing world to devel-
oped nations. Wire-line technologies just extend the indus-
trial-age paradigm in which the economics of infrastructure
drives people into overcrowded, overburdened urban con-
gregations. Satellites can help people choose where they live
and work based on such considerations as family, communi-
ty and quality of life rather than access to infrastructure.

To the extent that the information revolution is based on
optical fiber, the “information highway” metaphor is apt. Like
a highway, or the railways before them, fiber is rigidly dedi-
cated to a particular location. If a town is near the main line,
it prospers; if it is a few miles distant, it dries up and blows
away. Especially in the developing world, this model is be-
coming increasingly untenable. Moving information, instead
of people, can create value and prosperity without consum-
ing vast amounts of physical resources.

Advanced technologies have revolutionized the way peo-
ple exchange and process information in urban areas of the
U.S. and other developed nations. But a broader need is go-
ing unmet. Today the cost of bringing modern communica-
tions to poor and remote areas is so high that many of the
world’s citizens cannot participate in the global community.
Yet the benefits of the information revolution should be ex-
tended to all, including those who do not live near centers of
commerce or industry, who do not have ready access to doc-
tors, hospitals, schools or libraries and who are at risk of be-
ing shunted aside. Satellite communications systems have
the potential to alter the industrial paradigm positively and
dramatically—and with it the lives of millions.

RUSSELL DAGGATT is president of Teledesic Corporation.
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Huge flying-wing
aircraft, magnetically
levitated trains and
driverless cars may carry
passengers to their
destinations, while tiny
spacecraft explore the
solar system.
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TRANSPORTATION

High-Speed Rail:
Another Golden Age?

Neglected in North America but nurtured
in Europe and Japan, high-speed rail systems

are a critical complement to jets and cars

by Tony R. Eastham

JAPANESE “BULLET” TRAIN reaches speeds of 275 kilometers
per hour. This stretch, near Mount Fuji, is about 100 kilometers

I looked at her with the uncompre-
hending adoration one feels for locomo-
tives.... Against the fan of light her
great bulk looms monstrous, a raving
meteor of sound and mass.

hat trains were once routinely

described so breathlessly may

come as a surprise. But the gold-
en age of rail travel was arguably at its
zenith when in 1935 columnist Chris-
topher Morley wrote those words for
the Saturday Review of Literature. Doz-
ens of trains left New York City’s Grand
Central Station every day, bound for
Chicago, Montreal, St. Louis and the
like. Extensive networks of lines per-
vaded the continent and moved peo-
ple, food stocks, primary resources and
industrial products. Passenger trains

100

such as the Golden Arrow in the UK.,
the Orient-Express in Europe and the
Zephyr in the U.S. came to exemplify
not just speed, power and comfort but
technological progress itself.

Of course, the six decades since that
time have encompassed the advent of
commercial air travel, as well as of in-
terstate and international highway sys-
tems all over the world. Both these
transportation modes have continued
to develop and even now seem poised
for further advances. Such develop-
ments prompt the question: What will
be the role of rail travel in a world of
large, subsonic transport aircraft and
advanced automobiles running on
“smart” highways?

The answer, in many advanced coun-
tries, is that trains will play a very im-
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portant role indeed. In these regions,
rail services have been dramatically en-
hanced through an evolution of systems
and technologies in societies that have
never relied on the automobile in quite
the same way most in North America
have. In many parts of Europe and Asia,
trains, rather than airplanes, are now
the preferred means of travel on routes
of about 200 to 600 kilometers. Their
use of fast and technologically advanced
train systems began decades ago and
may be supplemented in coming years
by even more advanced magnetic-levi-
tation (maglev) trains. Steel-wheel-on-
steel-rail trains are now operating at
speeds of up to 300 kilometers per

west and south of Tokyo, on the way to Osaka. The original line
linked the two cities in 1964. Since then, the network has

hour, and maglev trains are being de-
veloped and tested for introduction at
speeds of 400 to 500 kilometers per
hour, perhaps within 10 years.

In North America, the implementa-
tion of high-speed rail has been frus-
tratingly slow. Interurban and commut-
er rail services now account for less
than 2 percent of passenger miles per
year. Ralil still moves substantial freight,
but even here trucks have become the
dominant carrier.

Nevertheless, there is growing recog-
nition that mobility on the continent is
being threatened by clogged freeways
in metropolitan areas and by “wing-
lock,” the analogous condition at hub
airports at peak times. Sustaining mo-
bility and economic development will
demand a more balanced combination

Copyright 1995 Scientific American, Inc.



of rail, air and road travel. Thus, a rail
renaissance is being proposed. Millions
of dollars have been spent on evalua-
tions, systems design studies, route sur-
veys and ridership assessments for
heavily traveled corridors between cit-
ies several hundred kilometers apart.
Such studies have benefited from long
records of experience in other places. In
1964 in Japan, for example, the famed
Shinkansen (bullet train) opened be-
tween Tokyo and Osaka. Over the years,
speeds have climbed from 210 to 270
kilometers per hour, decreasing the trip
time on the 553-kilometer Tokyo-to-
Osaka run from four to 2.5 hours. Ja-
pan’s Shinkansen network now covers

grown to cover some 2,045 kilometers, from Morioka in north-
ern Honshu to Hakata, on the southern island of Kyushu.

2,045 kilometers, from Morioka in
northern Honshu to Hakata in Kyushu,
and carries 275 million passengers ev-
ery year. At the same time, technology
development continues, led by Japan
Railways Central, one of the country’s
regional railway companies. Among the
projects under way is a Super Train for
the Advanced Railway of the 21st cen-
tury (STAR 21), whose prototype has
achieved 425 kilometers per hour.

It is France, however, that has the
fastest commercial train system in the
world, the Train a Grande Vitesse (TGV).
The TGV Atlantique has a maximum
speed of 300 kilometers per hour. Paris
forms the hub of a network that ex-
tends north to Lille and the Channel
Tunnel, west to Tours and Le Mans, and
south to Lyons. TGV trains also operate
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into Switzerland. In 1992 they began
running in Spain between Madrid and
Seville, and by 1998 they are to travel
between Seoul and Pusan in Korea.
Germany also has a high-speed train,
the InterCity Express (ICE), which now
zips along at 250 kilometers per hour
between Hannover and Wiirzburg and
also between Mannheim and Stuttgart.
Like those in Japan and France, this sys-
tem operates on a dedicated right-of-
way, maximizing passenger and public
safety by eliminating road crossings
and by using advanced control.
Sweden has adopted a somewhat dif-
ferent approach in its X2000, which
achieves a top speed of 220 kilometers
per hour on the 456-ki-
lometer line from Stock-
holm to Goteborg and
gets the most out of ex-
isting railroad infra-
structure by actively tilt-
ing the passenger com-
partment relative to its
wheeled undercarriage.
The scheme avoids sub-
jecting passengers to
uncomfortable lateral
forces while rounding
curves at high speed. In
Italy the ETR-450 tilt-
body train provides
similar service between
Rome and Florence.

In North America,
experience with high-
speed rail has been lim-
ited for the most part to
paper studies and dem-
onstrations of Furopean
technology to stimulate
public interest. Many
reports have evaluated
the suitability of high-
speed rail for such corridors as Pitts-
burgh-Philadelphia, Las Vegas-Los An-
geles, San Francisco-Los Angeles-San
Diego, Dallas-Houston-San Antonio, Mi-
ami-Orlando-Tampa and Toronto-Otta-
wa-Montreal. Nothing has been built,
however, because the economics are
projected to be marginal and because
federal and state governments are re-
luctant to commit substantial funds.

Amtrak, the U.S. rail passenger carri-
er, does plan significant upgrades on
its flagship Northeast Corridor routes,
however. Part of this network, between
Washington, D.C., and New York City, al-
ready runs at speeds of up to 200 kilo-
meters per hour and carries more pas-
sengers than either of the competing air
shuttles. In the immediate future, Am-
trak plans to award a $700-million con-

TONY STONE IMAGES
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tract to purchase and maintain up to
26 high-speed train sets for use in the
corridor; depending on budget negotia-
tions in the U.S. Congress, the contract
could be awarded later this autumn. The
new trains will link Boston, New York
City and Washington, D.C., with service
of up to 225 kilometers per hour, once
upgrading of the railroad infrastructure
is finished, possibly in 1999. The trains
are to be manufactured in the U.S., most
likely as a joint venture with an offshore
developer. Companies competing for
the Amtrak contract are offering TGV,
X2000 and ICE/Fiat technologies.

Flying Low

any of these promising applica-

tions for high-speed rail stem from
the technology’s evolutionary nature—
most projects will keep costs down by
making use of existing infrastructure.
This is an advantage not shared by high-
speed rail’s revolutionary counterpart—
maglev trains. Maglev is the generic term
for a family of technologies in which a
vehicle is suspended, guided and pro-
pelled by means of magnetic forces.
With its need for an entirely new infra-
structure, maglev is likely to find appli-
cation primarily in a few heavily trav-
eled corridors, where the potential rev-
enue could justify the cost of building
guideways from the ground up.

Mainly because of this obstacle, mag-
lev has had a prolonged adolescence.
The first conceptual outlines were pub-
lished some 30 years ago by two physi-
cists at Brookhaven National Laborato-
ry on Long Island, N.Y. James R. Powell
and Gordon Danby envisioned a 480-
kilometer-per-hour (300-mile-per-hour)
train suspended by superconducting
magnet coils. Within a decade, howev-
er, virtually all the research and devel-
opment shifted to Germany and Japan,
which pursued different technical vari-
ations with substantial government and
private funding.

With maglev, alternating-current elec-
tricity is fed to windings distributed
along the guideway, creating a magnetic
wave into which the vehicle’s magnets
are locked. Speed is controlled by vary-
ing the frequency of the electrical ener-
gy applied to the guideway windings.
In effect, the vehicle’s magnets and the
windings in the guideway constitute a
single synchronous electric motor,
which provides linear rather than rota-
tional motion.

There are two variations on this
theme. The so-called repulsion-mode
electrodynamic system, proposed by
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Powell and Danby and pursued in Ja-
pan, uses superconductive magnets on
board the vehicle to induce currents in
conductive coils in the guideway. This
interaction levitates the vehicle about
15 centimeters, as though it were a low-
flying, guideway-based aircraft. Indeed,
the Japanese vehicle achieves magnetic
liftoff at about 100 kilometers per hour;
at lower speeds, it rolls on wheels.

The other type, which has been devel-
oped in Germany, is the attraction-mode
electromagnetic system. Conventional
(nonsuperconducting) iron-core electro-
magnets carried by the vehicle are at-
tracted upward toward ferromagnetic
components attached to the underside
of the guideway structure. This type of
magnetic suspension is inherently un-
stable and needs precise control to
maintain a clearance of about 1.5 centi-
meters between the vehicle’s magnets
and the guideway. One advantage, how-
ever, is that the vehicle remains levitat-
ed even when motionless and thus
could be used for urban and commuter
transit as well as for longer, high-speed
routes. Indeed, the first operational
maglev system was a low-speed shuttle
installed in 1984 between the airport
terminal and nearby railway station in
Birmingham, England.

Japan’s repulsion-mode system is be-
ing developed by the country’s Railway
Technical Research Institute in collabo-
ration with a number of large engineer-
ing companies. A series of test vehicles
included the ML-500R, which in 1979
achieved a speed of 517 kilometers per
hour—a record for maglev—on a sev-
en-kilometer test track near Miyazaki,
on the island of Kyushu. Its successor,
a prototype vehicle, will start test runs
in 1997 on a 42.7-kilometer precommer-
cial test and demonstration facility in
Yamanashi prefecture near Tokyo. This
double-track guideway will allow essen-
tially all aspects of an operational sys-
tem to be tested, including full-size ve-
hicles going through a tunnel at 500 ki-
lometers per hour. Backers of the
project are hopeful that a commercial
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version could be ready for deployment
between Tokyo and Osaka by 2005.

In Germany the attraction-mode elec-
tromagnetic “Transrapid” maglev sys-
tem has been under development by
Magnetbahn GmbH since the late 1960s.
Again, test vehicles led to the construc-
tion of a demonstration facility, at Ems-
land in the early 1980s. Its 31-kilometer,
figure-eight-shaped guideway allows full-
scale vehicles to run under conditions
similar to operational ones. The prepro-
duction vehicle TR-07 has been under
evaluation for almost five years, regu-
larly achieving speeds of from 400 to
450 kilometers per hour. The German
government recently chose the technol-
ogy for a new line linking Berlin and
Hamburg. The route, to be built by
about 2005, will be the centerpiece of a
program to enhance east-west travel in
the reunified Germany.

U.S. Maglev: Suspended Animation

n the U.S., maglev development was

abandoned after a brief period of re-
search from the late 1960s to the mid-
1970s at Ford Motor Company, the
Stanford Research Institute and the
Massachusetts Institute of Technology.
The concept was rejuvenated in the late
1980s, however, and a government-
sponsored National Maglev Initiative
was launched in an attempt to apply
some relevant technologies—cryogenics,
power electronics, aerodynamics, con-
trol and vehicle dynamics—from the
aerospace and related industries. The
goal was a second-generation maglev
system to meet the needs and condi-
tions of North America.

In 1994 government funding ran out
without spurring any sustained private-
sector commitment. Four innovative
maglev systems were designed. None
were built, but the exercise generated
several interesting ideas, including novel
concepts for synchronous propulsion
and a superconducting version of elec-
tromagnetic suspension with a large air
gap between vehicle and track. By 1994

maglev R&D in North America had re-
turned to its previous minimal state.

To some extent, maglev finds itself a
victim of changing circumstances.
Twenty or 25 years ago the technology
was thought to be ideal for connecting
densely populated areas up to 600 kilo-
meters apart. Speeds of 450 to 500 ki-
lometers per hour would make maglev
competitive with air travel, it was rea-
soned, amid concerns about the cost
and availability of oil-based fuels.

This argument largely depends on
the maximum speed of steel-wheel-on-
rail trains being significantly less than
the speed of maglev; otherwise these
conventional trains could in many cas-
es fill the bill more economically. Two
or three decades ago the practical speed
limit for steel-wheel-on-rail was gener-
ally thought to be about 250 kilometers
per hour. Yet, as noted, high-speed rail
has developed to the point that operat-
ing speeds have reached 300 kilome-
ters per hour. The achievement has fol-
lowed from a better understanding of
wheel-rail dynamics, aerodynamics and
the transferring of high levels of elec-
tric power to a moving train from an
overhead line. Even more impressively,
wheeled trains have been tested at
speeds of up to 520 kilometers per
hour—three kilometers per hour faster
than the maglev record. Although no
one claims it would be feasible to run a
passenger train at this speed, 350 kilo-
meters per hour is now considered to
be operationally workable.

Thus, maglev’s speed and total-trip-
time advantage is not what it once was;
realistically, it would seem to be about
20 or 30 percent, in comparison with
the best wheel-on-rail systems. It re-
mains to be seen how many govern-
ments will find this margin compelling
enough to commit to a fundamentally
new transportation technology, for
those few medium-range, heavily trav-
eled routes where market share might
be won from the airlines.

Of course, higher speeds would make
maglev more attractive, and 500 kilo-
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Rolling or Floating at 300 Kilometers per Hour

dvanced ground transportation has three categories: high speed, very high
speed and magnetic levitation (maglev). High-speed systems, such as Am-
trak’s Northeast Corridor in the U.S., use the traditional steel-wheel-on-rail tech-
nology and can operate at top speeds ranging from 200 to 240 kilometers per
hour (125 to 150 miles per hour). Very high speed systems are considered ca-
pable of reaching 350 kilometers per hour (218 mph), using enhanced wheel-
on-rail technology. They are always electrically powered and require relatively
straight route alignments to accommodate the higher speeds. The French Train
a Grande Vitesse (TGV) (shown at bottom), Germany'’s InterCity Express (ICE)
and Japan’s Shinkansen (bullet train) are all examples of very high speed rail.
Maglev systems are quite different from traditional trains. They use electro-
magnetic forces to levitate, guide and propel train cars along a guideway at
projected speeds of 320 to 500 kilometers per hour (200 to 310 mph). The
German Transrapid (shown at top) on the elevated guideway, and Japan’s MLU—
both noncommercial prototypes—are the only full-scale examples of high-speed
maglev technology. A feature unique to maglev is the use of a synchronous mo-
tor that provides linear rather than rotational motion, with power supplied to
magnet windings in the guideway.
—John A. Harrison, Parsons Brinckerhoff Quade & Douglas, Inc.

g 'High-Speed Rail versus Maglev

HIGH-SPEED RAIL MAGLEV
Speeds of 330 kilometers Likely top speeds in
per hour planned for the commercial service of
near future 400 kilometers per hour
New rights-of-way and tracks Totally new infrastructure
needed for high speed, but exist- | required; higher construction ¢
ing tracks might be used for ur- costs; maintenance costs
ban operations at lower speed,; may be lower
construction costs are lower
At speeds of 260 kilometers Noise level equal to or lower
per hour, noise level reaches than that of high-speed rail
85 to 90 decibels at a distance at identical speeds; quieter
of 25 meters from the track at low speeds because of
lack of friction 3
31-year history of revenue- No high-speed, commercial 3
generating lines lines in operation
Energy use, per seat-mile, Less energy use in general

projected to be similar to
maglev’s at top speeds

Faster acceleration than
high-speed rail; can
climb steeper grades

SOURCE: Office of Technology Assessment, U.S. Congress
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High-speed maglev vehicles employ one of two kinds of suspension: elec-
tromagnetic (EMS) or electrodynamic (EDS). Used on the German Transrapid
system, EMS relies on attraction between vehicle-mounted electromagnets
and others on the underside of the guideway. In contrast, the electrodynamic
system (shown at right ) pushes the vehicle up above the guideway using re-
pulsing magnets. As implemented in the Japanese MLU prototypes, EDS is
based on superconducting magnets, creating a gap about 10 times greater

than EMS is capable of producing. The greater gap allows for less precision

in guideway construction tolerances.

At present, however, the ride

quality of EDS vehicles is
poorer than for EMS
ones and therefore
requires more
development.
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TRANSPORTATION

meters per hour is not the final, upper
limit by any means. But one of the main
limiting factors at such speeds is aero-
dynamics. The power needed to over-
come aerodynamic drag increases as the
cube of speed; noise from aerodynamic
sources increases as the sixth power.
And the dynamic perturbations caused
by trains passing one another or enter-
ing and exiting tunnels become increas-
ingly severe at high speed. Such factors
have led to proposals to run maglev
trains in a fully or partially evacuated
tube.

Years ago a study suggested that such
a tunnel could link New York City, Los
Angeles and perhaps other internation-
al cities as well through transoceanic
links to provide the ultimate in global
transportation. Top speed could be as
high as 2,000 kilometers per hour, and a
dipping and rising profile between sta-
tions would let gravity assist in propul-
sion and braking. Engineering consider-
ations, such as the cost of building and
maintaining such a tunnel, make the
idea fanciful, to say the least.

Although it may be many decades
before it will be possible to make reser-
vations for the two-hour trip from New
York to Los Angeles, important mile-
stones are ahead for both maglev and
more conventional, wheel-on-rail trains.
The next decade should see the inaugu-
ration of the first moderately long-dis-
tance commercial maglev routes. High-
speed rail, meanwhile, will be steadily
enhanced in speed, comfort and pas-
senger amenities. European services
will become increasingly networked. At
the same time, many more lines will be
built in Asia, including the completion
of a national network in Japan and new
routes in Korea, Taiwan and China.

The U.S. is clearly a follower rather
than a leader in the new high-speed rail
technologies. But the country will find it
necessary to rejuvenate its rail passen-
ger routes, starting with the Northeast
Corridor. Probably, some additional
motivation will be needed, such as an-
other oil crisis, or road and air conges-
tion so bad that it interferes with eco-
nomic growth. True, videoconferencing
and other forms of telecommunications
will lessen the need to travel and will
save time and money. Nevertheless,
there is no hard evidence yet that such
communications facilities are slowing
the growth of business travel. High-tech
trains will come to North America—it is
just a matter of time, need and a more
favorable economic environment. Tele-
communications may be the next best
thing, but being there is best of all.

ILLUSTRATIONS BY GEORGE RETSECK
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The Automobile:

Clean and Customized

Built-in intelligence will let automobiles tune
themselves to their drivers and cooperate
to get through crowded traffic systems safely

by Dieter Zetsche

ecades ago, as motor vehicles
D were becoming ubiquitous in

many countries, images of driv-
ers cruising open roads or moonlit park-
ways conjured the very essence of prog-
ress and autonomy. And for good rea-
son: in developed countries, at least, the
automobile was literally widening peo-
ple’s horizons, greatly expanding the
area within which they could live, work
and relax.

But as anyone who has ever endured
a long and tedious traffic jam knows,
automobiles must also operate as part
of a huge, complex and sometimes un-
predictable system. Through its arteries
flow streams of vehicles driven by peo-
ple with a variety of skill levels and all
kinds of mental states. Steadily increas-
ing numbers of vehicles have begun
overloading this system in many urban
areas, while contributing to an air pol-
lution crisis in at least a few. Indeed,
conservative estimates put the world-
wide costs associated with accidents,
wasted fuel and pollution at hundreds
of billions of dollars a year.

So significant are these concerns that
they have prompted the world’s auto-
mobile makers to do something they
never have before: join forces with one
another and with a host of technical
firms and research institutes to chart
the course of automotive transporta-
tion in the next few decades. These am-
bitious programs, undertaken separate-
ly in Europe and the U.S., addressed
safety and environmental and econom-

ic concerns; what was most notable
about them, however, was their focus
on traffic as a whole. The change of per-
spective portends a fundamental shift
in the development of the automotive
transportation system and, quite possi-
bly, its most extensive metamorphosis
since its beginnings more than a centu-
ry ago.

For the first time, automobiles will be
able to see, hear and communicate with
one another and with the roadway it-
self. They will become sensitive to their
drivers, warning of fatigue, distraction
or exceeded speed limits. Gradually, ve-
hicles will progress from being com-
pletely controlled by the driver to de-
pending on the driver mainly for steer-
ing. In the more distant future, cars
might even drive themselves on well-
marked roads in good condition and in
certain situations, such as when follow-
ing other cars. And although the vast
majority of them will continue to be
powered by internal combustion en-
gines, ultraefficient models will appear,
along with growing numbers of hybrid-
electric and fully electric vehicles.

In Europe, much of the conceptual
work for this grand plan was carried out
between 1986 and 1994 as part of a pro-
gram called Prometheus (Program for
European Traffic with Highest Efficien-
cy and Unprecedented Safety). The proj-
ect was a collaboration among 13 lead-
ing automobile manufacturers, some 50
electronic firms and distributors, and
an equal number of research institutes.

DRIVERLESS AUTOMOBILE is the goal of a German research project called VITA, for
Vision Technology Application. Video cameras sense the car’s position in its lane,
traffic signs, obstacles and other vehicles. An onboard computer reacts by braking,
steering or accelerating. The first phase used a lightweight truck (shown here); the
second, a sedan. All told, the experimental technology has logged 5,000 kilometers,
guiding the vehicles on highways at speeds up to 150 kilometers per hour.
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Both the U.S. and Japan have corre-
sponding projects under way. The U.S.
effort is called the Intelligent Vehicle
and Highway System; Japan’s program,
which is concentrating on transmitting
traffic information at intersections, is
known as the Vehicle Information Com-
munication System.

Three Tiers

T 0 make their huge undertaking man-
ageable, Prometheus’s engineers
and scientists broke the task down into
three fields of research, covering traf-
fic management, cooperative driving
and safety. Most technologies for the
last two await development or introduc-
tion; however, pilot projects have al-




ready demonstrated most of the infra-
structure for the traffic management
system.

One of its cornerstones will be navi-
gational assistance, from onboard com-
puters receiving broadcast traffic re-
ports. The driver begins by entering a
destination into the vehicle’s navigation-
al computer. The computer chooses the
fastest route, taking into account cur-
rent traffic conditions, and guides the
driver with verbal instructions over the
vehicle’s sound system and through a
dashboard-mounted display screen.

Variations of this system are now being
introduced in the U.S., Japan and Europe.

In the European version, known as
Dual-Mode Route Guidance, traffic re-
ports will be updated continually, dig-

itally encoded and broadcast over a spe-
cial Traffic Message Channel of the Eu-
rope-Wide Radio Data System. Nor does
the system limit itself to automobiles:
if the message channel reveals that all
the routes to a destination are jammed,
and a convenient public-transportation
alternative exists, the navigational com-
puter will recommend it (as soon as this
part of the system is available). Several
automakers are now offering the naviga-
tional computers in their luxury models.

Along with most of the other systems
being developed under Prometheus, the
navigational computer can be consid-
ered a building block of a driverless au-
tomobile. Such a dramatic application,
which is still at least several decades
away, might initially be used at an air-

port or factory, shuttling cargo or equip-
ment through fairly predictable routes
and conditions. Encouraging results
were achieved recently in a collabora-
tion, called VITA II, among Daimler-Benz
and several German universities. A Mer-
cedes-Benz sedan was outfitted with 18
video cameras, which focused on the
vehicle’s surroundings. The car’s posi-
tion in its lane, traffic signs, obstacles
and other traffic were all sensed and de-
coded, and a computer processed the
information to drive the car in this real-
istic highway environment. During VITA
II and its predecessor, VITA I, a total of
about 5,000 kilometers were logged in
test runs, mostly on German highways,
at speeds of up to about 150 kilometers
per hour. Developers are now consider-

{
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ROADSTER of the
future nods to celebrated
predecessors with 1950s-style
headrests. This Mercedes-Benz con-
cept car has a hard top and rear win-
dow that retract into the trunk at the
push of a button.

ing ways of making the technology com-
mercially viable.

Cooperative Approach

S uch intriguing possibilities notwith-
standing, cars will, of course, con-
tinue to be driven by people for many
years to come. Thus, accidents, road
congestion and inclement weather will
continue to pose hazards, to both vehi-
cle occupants and the efficient flow of
traffic. Prometheus’s researchers con-
cluded that the keys to lessening these
dangers are information exchange and
cooperation among vehicles, so they
developed systems for these functions
under a project named, appropriately
enough, cooperative driving.

At the heart of their plan is a roadside
information pool, which will gather in-
formation from regional traffic manage-
ment centers and transmit it to automo-
biles from infrared or microwave bea-
cons located along the road. In effect,
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the pool will
be available to
extend the driv-
er’s knowledge of traffic and
road conditions far beyond his
or her field of vision. For example,
when a collision occurs, the vehicles in-
volved are automatically located, and
rescue measures initiated, by specially
equipped mobile telephones.

To reduce the possibility of subse-
quent collisions, the emergency call will
also warn approaching vehicles of the
danger ahead—again, through the road-
side pool. To help avoid accidents in the
first place, the pool could rebuke drivers
electronically for exceeding the speed
limit by some margin. Most of the tech-
nology that would make all this possi-
ble was demonstrated during the Pro-
metheus program and now awaits
implementation.

Another feature bound to make driv-
ing safer, particularly for the easily dis-
tracted, is a new type of cruise control
with far more intelligence and autono-
my. By manipulating the brake and gas
pedals, it will adjust the distance be-
tween a vehicle and the one in front of
it “on the fly” for any combination of
speed and road conditions. Incorporat-
ed into the vehicle’s front end, the sys-
tem will use radar or infrared beams to
measure the distance to the car in front
and will not require any special equip-
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ment or systems in the
roadway.

Such traffic-wide ap-
proaches will be comple-
mented, thanks to Prome-
ﬂ theus’s safe driving pro-

/ gram, by improvements to
- the vehicles themselves.
Many of these will help the
driver see better through
bad weather and in the dark.
Already some carmakers are
testing headlights that emit some
ultraviolet radiation; besides reduc-
ing glare, the beams would be better
reflected by pedestrians’ clothing, lane
markings and so on. Before long, some
high-end automobiles will have infrared-
vision systems and pulsed headlights
that sense the scene in front of the ve-
hicle without blinding other drivers.

The image will be brightly displayed,
possibly with a heads-up system, which
projects the scene so that the driver
sees it as though it is floating some dis-
tance in front of the car. Optionally, the
system could incorporate a range-con-
trol device that recommends—or even
imposes—an appropriate speed after
analyzing the driver’s field of vision.

Sharper views of the road ahead can
reduce but not eliminate close calls, so
sensors, software and control strategies
are in the works to help drivers maneu-
ver or stop suddenly. Swerving, for in-
stance, can be prevented by braking each
wheel individually, with those most for-
ward in the swerve braked more than
the others. In addition, a number of au-
tomakers are experimenting with ra-
dar-based systems that would warn of
an impending collision and possibly
even apply the brakes. Eventually, it will
become feasible to keep the car auto-
matically within a lane under normal
driving conditions.

While monitoring its surroundings,
the car of the future will keep tabs on
its driver as well. Fatigue and loss of
concentration are leading causes of ac-
cidents, especially on long trips. But
tired drivers give themselves away: their
reaction time increases, and steering
becomes erratic; eyelids begin to close;
and the electrical resistance of the skin
goes down. Once such signs are detect-
ed, an audible alarm can alert the driv-
er it is time for a rest.

Breathing Easier
f anything has become certain to au-
tomakers in recent years, it is that

passenger safety is necessary but not
sufficient; their products will have to be
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more environmentally benign
as well. Practically every lead-
ing manufacturer is now com-
mitted to developing less pol-
luting sources of motive pow-
er. Quite a few experimental
vehicles powered by them have
been tested, sometimes encour-
agingly and amid notable pub-
lic interest. But for the next sev-
eral decades, at least, almost
all automobiles will continue to
be powered by internal com-
bustion engines, albeit cleaner
and more efficient ones.

It takes little imagination to
envision a market for advanced,
ecologically friendly vehicles,
distinguished by extreme fuel
efficiency. These cars would be
about twice as fuel efficient as
today’s thrifty cars; a liter of
gasoline would propel them
about 25 kilometers in mixed
driving conditions (urban and
highway, according to a stan-
dard German test procedure
called DIN). One essential technology
for these ultraefficient cars will be ad-
vanced, electronic motor-transmission
management systems, which will in-
crease efficiency through heightened
sensitivity and interaction between the
engine and the load on it.

Of course, electric vehicles are the
closest thing to a nonpolluting trans-
portation medium. Their only
adverse effects on the environ-
ment would be linked to the
generation of electricity to
charge their batteries and, pos-
sibly, to disposal of the batter-
ies as well. madequate batteries
are, in fact, the only significant
obstacle to widespread use. An
acceptable combination of en-
ergy and power densities, cost
and service life still eludes de-
velopers, and consequently,
electric vehicles will probably
be confined to relatively small
niches for at least the next 10
years.

The so-called hybrid electric
has both a battery-powered
electric motor and a small com-
bustion engine, which are used
either separately or together,
depending on the driving situa-
tion. In some modes, the little
engine runs continuously, effi-
ciently and relatively cleanly,
charging the batteries and great-
ly extending the vehicle’s range.
This advantage has prompted

DOMINIK OBERTREIS Bilderberg
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renewed interest in hybrids, with most
large carmakers developing models to
meet quotas for nonpolluting or low-
polluting vehicles to take effect in some
regions in the next five or six years.
Another method of cutting emissions
significantly is to use fuels that cause
less pollution. With respect to hydrocar-
bon emissions, methanol and liquefied
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HEADING FOR A CRASH, this family of dummies is instrumented to record what happens
to its members on impact. The dummies, which took their short spin at Volkswagen’s safe-
ty center in Wolfsburg, Germany, cost about $65,000 apiece.

or compressed natural gas burn more
cleanly than does gasoline and have fu-
eled experimental engines that have
reached efficiencies comparable to those
of conventional internal combustion en-
gines. The cleanest fuel of all would be
hydrogen, whose only significant com-
bustion by-product is steam. Derived
from water, hydrogen is potentially

SLIPSTREAM over a coupe is manifested by smoke. Better fuel efficiency demands im-
provements in aerodynamics as well as in the engine and power train.
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EMISSIONS TESTING will continue to play an important role because so-called zero-
emission vehicles are unlikely to be sold in great numbers in the near future. Thus,
progress on reducing pollution from automobiles will depend on making gasoline-

powered cars run as cleanly as possible.

abundant and versatile—it can be
burned in a combustion engine or con-
verted to electricity silently and with-
out moving parts in a fuel cell, which
could in turn power an electric motor.
Although both approaches look prom-
ising, the supply problems look much
more intractable. At present, there is no
way to produce the necessary amounts
of hydrogen in an ecologically and eco-
nomically acceptable manner. In Ger-
many a liter of gasoline costs about
US$1.10; to produce an amount of lig-
uid hydrogen with comparable energy
content costs at least US$2.00, depend-
ing on how the fuel is produced and
transported. What is more, an infra-
structure to distribute liquid hydrogen,
comparable to today’s network of gas-

oline stations, would require an impos-
sibly large investment.

Driving by Wire

Regardless of how they are powered,
automobiles will in 20 or 30 years
become increasingly attuned and even
customized to their owners or drivers.
Advanced manufacturing and “drive-by-
wire” technologies will make possible a
new generation of automobiles that can
be reconfigured to suit not only differ-
ent functions and needs but also a
great array of strengths and weakness-
es of different drivers.

At least one automaker has proposed
basic vehicles whose elements would
be drawn from a series of dozens or

ROGER TULLY Tony Stone Images

perhaps even hundreds of modules,
foreshadowing a far greater variety of
automobiles than we are used to seeing
on roads today. These vehicular build-
ing blocks could be easily assembled
and reassembled—at the time of pur-
chase or indeed at any time during the
automobile’s useful life. On warm week-
ends or during a vacation, for example,
the vehicle’s functional frame might be
turned into a sporty, open-air convert-
ible or converted to a pickup to carry
recreational equipment. The concept
need not be limited to the chassis; an
electric vehicle might have a charging-
engine module that could be quickly
installed, turning the car into a hybrid
with greater range.

Customization could be taken to high-
er levels with the advent of drive-by-
wire technology, which became stan-
dard in recent years in jet aircraft (in
which it is known as fly-by-wire). With
drive-by-wire, all the cables and me-
chanical connections that link, for in-
stance, the steering wheel, pedals and
shift lever to the axle, throttle and
transmission will be replaced with elec-
tronics, including sophisticated control
systems. The changeover to this tech-
nology will be an invisible revolution,
requiring no new skills of the driver.

On the contrary, the technology will
adapt to the driver’s requirements and
abilities, while opening up room for cre-
ative development. For example, drive-
by-wire will permit stabilization of a
vehicle in different configurations (con-
vertible versus cargo-carrying pickup)
and for different kinds of drivers: the
driving enthusiast would get the re-
sponse of a sports car, while less de-
manding drivers would get a smoother
ride.

Within 30 years or so, innumerable
automated vehicles, each constructed
and finely tuned to its driver’s needs
and capabilities, could be making the
roads far safer than they are today.
Clearly, automotive development has
not decelerated. In fact, it is just getting
in gear.

The Author

DIETER ZETSCHE is a member of the managing
board of Mercedes-Benz AG, where he is responsible
for sales, marketing and service. Previously, he over-
saw passenger car development. Since joining the
company in 1976, he has also held positions over-
seeing development of commercial vehicles in Bra-
zil. He was appointed to the company’s managing
board in 1988 and became president of Freightliner

Corporation in Portland, Ore., in 1991.

Further Reading

Neuhausen, Germany.)

AUTOMOBILE TECHNOLOGY OF THE FUTURE. Ulrich Seiffert and Peter Walzer. Society
of Automotive Engineers, Warrendale, Pa., 1991.

ALTERNATIVE CARS IN THE 21ST CENTURY: A NEW PERSONAL TRANSPORTATION
PARADIGM. Robert Q. Riley. Society of Automotive Engineers, Warrendale, Pa., 1994.

IMPROVING AUTOMOTIVE EFFICIENCY. John DeCicco and Marc Ross in Scientific Amer-
ican, Vol. 271, No. 6, pages 52-57; December 1994.

RIDERS ON THE STORM. Uli Deker in Daimler-Benz HighTech Report, pages 14-19;
March 1995. (Available from Daimler-Benz-Leserservice, Postfach 1271, D-73762

106

SCIENTIFIC AMERICAN September 1995

Copyright 1995 Scientific American, Inc.



TRANSPORTATION

Evolution of the
Commercial Airliner

Advances in materials, jet engines
and cockpit displays could translate
into less expensive and safer air travel

by Eugene E. Covert

changes in travel habits that fol-
lowed when the jet-powered trans-
port airplane was introduced into com-
mercial passenger service in the late
1950s. Virtually free of vibration, this
new airplane was quieter and more
comfortable than the propeller-driven
airplane that preceded it. Even more
impressive was its ability to fly to Eu-
rope nonstop well above most storms,
so that the ride remained extremely
smooth. Shorter travel times and lower
fares made the world more accessible
for both the business and the casual
traveler as well as for the transport of
goods, from flowers to fish.
A future airliner may undergo equal-
ly dramatic changes. With the advent of

I |1 ew people expected the dramatic

FIRST-CLASS
PASSENGER
DECK

UPPER
PASSENGER

advanced computer-aided design tools,
airplanes may assume unusual shapes
that offer higher performance and carry
more passengers. The industry has al-
ready contemplated commercial air-
planes in the shape of a flying wing,
somewhat like the Stealth bomber. A
short, stublike body that holds the
cockpit would protrude from the thick

Pilots may one day react

more quickly to unforeseen
events by controlling cockpit
displays with brain waves.
Wright-Patterson Air Force
Base has conducted research
on controlling a flight simulator
with brain waves.

AREA

A cavernous passenger
cabin, akin to a large
movie theater, could
hold from 600 to 800
passengers.

LOWER
PASSENGER
DECK

REMI BENALI Gamma Liaison

wing. But most of the passengers, as
many as 800, would sit in the movie-
theater-like space within the wing.

Other designs abound for airplanes
with a wholly novel appearance. One
futuristic airplane would be built with
several fuselages interconnected by the
wings and a series of struts. In addition,
research engineers in the U.S. and Eu-
rope are investigating the feasibility of
a supersonic airliner to serve as a suc-
cessor to the Concorde.

A decision to go ahead with any of
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“Smart” engines, equipped with sensors
and actuators, will adjust the air flowing
through them to improve the efficiency
and longevity of the propulsion system.
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these plans may well hinge on the abil-
ity of the manufacturer to make the re-
quired multibillion-dollar investment in
a highly uncertain economic climate. In-
deed, the risks may be too high at this
time. Boeing and some members of the
Airbus Industrie consortium have re-
cently issued results of a joint study
that showed the lack of a market for
huge airplanes that can carry 600 to 800
passengers. Such large airliners pose
challenges not only to the aerospace
engineering community but to airport

operators as well: the longer wing span,
for example, would require more space
between passenger gates.

Even if none of these plans are ever
realized, evolutionary improvements in
many technologies will enable the next
generation of conventional airplanes to
run more economically than current air-
liners and to set new standards for safe-
ty and operating efficiency. In the imme-
diate future, building airplanes with bet-
ter materials and propulsion systems
will continue to enhance performance.
In the longer term, microscopic sensors
and actuators, as well as computers dis-

- Ahigh-bypass jet engine, such as

this one being tested by Pratt &
Whitney, will provide greater thrust
to power large aircraft.

Turbulence on airplane
wings may be reduced by
sucking air through tiny
holes (center) or by deploy-
ing microscopic flaps that
will alter airflows (bottom
and inset).

MICROACTUATOR

tributed throughout the airplane, will
yield a quiet revolution in the way engi-
neers solve their problems. A “smart”
airplane will give engineers control over
many phenomena that they have long
understood but could do little to change.
The feedback and control mechanisms
of tiny sensors and moving surfaces,
called actuators, could reduce air resis-
tance, or drag, or they could redistrib-
ute mechanical loads to increase the
lifetime of a wing structure.

The information received from net-
works of sensors can be used to allow
longer intervals between maintenance
and will help a mechanic find the source
of a problem quickly. Other sensors,

CONVENTIONAL WING

PERFORATED
SURFACE

WING WITH
MICROACTUATORS

DAVID SCHARF

FLYING WING has been suggested as a design for a giant 600- to 800-passenger commer-
cial airliner that would be built with multiple passenger decks. Besides assuming novel
shapes, airplanes of the future may incorporate technologies ranging from advanced en-
gines to cockpit controls manipulated by brain waves.
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when coupled with information from
satellites, will be able to equip the air-
crew with a better understanding of
the whereabouts of nearby airplanes, a
measure that will enhance safety.

Material Benefits

he smart airplane may take decades

to evolve. Over the next 10 years,
however, airlines will continue to push
manufacturers to reduce the costs of
operating a multimillion-dollar machine.
Computer design software, with which
engineers traditionally show how differ-
ent parts and systems fit together, will
help meet this goal. Large databases of
airplane components will determine
which parts are most reliable and which
would offer the lowest cost of opera-
tion. Also over the next decade, struc-
tural designers will work with materials
to reduce the weight of the fuselage and
wings. One promising material is an
aluminum-lithium alloy. It has a lower
density and higher strength than other
aluminum alloys, the reason Airbus In-
dustrie incorporated it in the leading
sections of the wings of the Airbus
A330 and A340.

More widespread use of aluminum-
lithium alloys is likely to be deferred un-
til developers produce a material that
can better withstand fracture. Alcoa is
developing an aluminum-lithium metal
that is said to improve fracture tough-

AEROSPACE COMPOSITE is manufactured in a plasma chamber at a plant owned by
Textron Specialty Materials in Lowell, Mass. A worker extracts a semifinished sheet

ness by more than one third over an
existing aluminum alloy. A study com-
missioned by Alcoa shows the material
could save about 12 percent of the tail
weight on large airplanes, or about 650
pounds. An attractive alternative is
composites in which graphite fibers are
placed into a matrix of organic poly-
mers, making the material stronger per
unit of weight. A designer can tailor ma-
terials to accommodate the different
loads carried on a structure by varying
the number of layers of fibers and the
direction in which the fibers are placed.

For a decade or more, military and ci-
vilian airplanes have incorporated some
composites in structures that bear light
loads. The cost of the materials—and
the imperfect understanding of how
they fail—has delayed their broader in-
troduction into commercial airplanes.
Yet these hurdles are slowly being over-
come. Composites now make up 9 per-
cent of the structural weight of the Boe-
ing 777, which went into service this
June, about triple the amount in the
757 and 767 airplanes.

Because most composites are cured
in a hot oven under pressure, they are
said to be “thermoset.” But they cannot
be heated again and reworked into an-
other shape. This drawback may be
overcome by “thermoplastic” polymers
that can be reshaped to eliminate a flaw
introduced in manufacturing.

The longevity of both aluminum and

formed by spraying titanium onto a bed of silicon carbide fibers.
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composite materials may be enhanced
by embedding in them tiny sensors to
measure local levels of strain. This in-
formation could assess the remaining
life of the structure as well as provide
feedback to adjust the movable flight-
control surfaces—the flaps or ailerons—
to reduce mechanical loading.

Better Jet Engines

Composites made of metal and ce-

ramics may enhance engine perfor-

mance. For example, an engine made
with silicon carbide fibers embedded in

a titanium matrix could run at higher

temperatures and thus produce the

same amount of thrust with less fuel.

The engine would also be lighter and

longer lived.

Engineers have also devised other
means to boost efficiency. In today’s jet
engine, air is drawn in by a fan, pres-
surized and then mixed with fuel and
burned before the hot gases stream out
the back as exhaust. The efficiency of
this propulsion system, its ability to
convert heat into thrust by burning the
hot air-fuel mixture, is enhanced by al-
lowing some of the air that enters the
engine to move through a duct that by-
passes the engine “core” where the hot
gases are burned. Such a “high bypass”
engine, as it is called, also generates
less noise.

In modern gas-turbine engines the
bypass ducts handle six or seven
times the amount of air passing
through the core. Some experimen-
tal engines have raised the bypass
air to 20 times that passing through
the core. These ultrahigh bypass en-
gines will come with a price, howev-
er. They will undoubtedly increase
the size and weight of the fan and
other engine components in addi-
tion to augmenting drag.

The efficiency of a gas-turbine en-
gine also depends on the shape of
the rotating blades in the compres-
sor, where air is pressurized, and in
the turbine that powers the com-
pressor. The Massachusetts Institute
of Technology’s Gas Turbine Labo-
ratory is developing a smart engine
laden with sensors and actuators
that could alter the shape of the
blades while in flight to improve
performance.

A more efficient engine combined
with lower drag will improve the
economics of airplane operation
even more. One source of drag, a
result of air passing over the wings,
presents a particularly difficult prob-
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lem. Aerodynamicists study the
behavior of thin strata of air
near the surface of an airplane,
which are collectively known as
the boundary layer. In a laminar
boundary layer, airflow stays
smooth. The layers of air pass
by one another as if they were
playing cards in a deck, one slid-
ing easily over the other. But in
large passenger airplanes, these
regular currents become swirl-
ing eddies of turbulence, induc-
ing substantial amounts of drag.

Experiments by the National
Aeronautics and Space Adminis-
tration using a modified Boeing
757 have shown that drag can
be reduced by literally sucking
the turbulence away. To achieve
this objective, a portion of a
wing is covered with many tiny
holes that are connected to a
suction pump. The action of the
pump draws air into the holes,
thereby smoothing out the flows
in the boundary layer. The
amount of turbulence can be de-
tected by minute sensors on the
wing, which signal how much
suction is needed. Some mea-
sures could reduce turbulence
with tiny actuators: in one ap-
proach, thousands of microscopic, mov-
able flaps hinged to the wing would rise
from the surface base when the air-
flows turn turbulent [see “Engineering
Microscopic Machines,” by Kaigham ]J.
Gabriel, page 150].
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Situation Awareness

ilots will perform better if they have

tools that give them a better under-
standing of where they are and where
they are going. “Situation awareness,”
as it is called, describes pilots’ ability
to integrate diverse instrument read-
ings for speed, altitude, location, weath-
er, direction of flight and the presence
of nearby aircraft. An engineer must
decide how best to display information
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to the aircrew. Most of the time the pi-
lot needs to see only that the needles
on the dials point in the proper direc-
tion. In an emergency, however, a pilot
must quickly assess the danger and de-
termine alternative courses of action.
Today’s airplane instrumentation is
capable of disseminating an enormous
flood of data—too much, in fact, for the
pilot to comprehend in the few critical
seconds available. Software and proces-
sors are required that can screen and
then show only data relevant to the sit-
uation. Before such systems can be pro-
grammed, a new discipline is needed—
one that might be called cognitive engi-
neering—that would combine studies in
how humans absorb information and
how these perceptions are related to

1989.
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COMPUTER-AIDED DESIGN, which was used by Boeing to build a digital model of its new
airplane, the 777 (above), will be refined in coming years to include information about the
cost and reliability of components.

activities that take place in the brain.

Cognitive engineering may prove
most effective when combined with ad-
vanced computer displays, which pro-
ject the most important information
onto a visor mounted on a pilot’s hel-
met. One day a pilot may respond to
data on a screen as fast as the mind can
think. Research has progressed on the
use of brain waves to change the posi-
tion of a cursor or to manipulate other
cockpit controls.

The airplane of the year 2050 may
or may not resemble the airplanes one
flies in today. But advances in aviation
technology and an understanding of pi-
lots’ cognitive processes will make air
transportation safer and accessible to
more travelers.
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21st-Century

Spacecraft

A fleet of cheap, miniaturized spacecraft may
revive the stalled Space Age, exploring the
myriad tiny bodies of the solar system

by Freeman J. Dyson

he first question we have to an-
I swer in discussing the future of
space activities is, “What went
wrong?” The Space Age, which began
with a flourish of trumpets about 40
years ago, was supposed to lead human-
ity onward and upward to a glorious fu-
ture of cosmic expansion. Instead it be-
came, like the Age of Nuclear Power, a
symbol of exaggerated expectations and
broken promises. We now find our-
selves living in the Information Age, in
which the technologies transforming
our lives are not rocketry and astronau-
tics but microchips and software. Space
activities play only a subsidiary part,
supporting the satellite links that serve
as alternatives to fiber-optic channels
on the ground. The Space Age fizzled
because the grand dreams turned out to
be too expensive. From now on, space
technology will thrive when it is applied
to practical purposes, not when it is
pursued as an end in itself.

One of those practical purposes is
scientific research. Here, too, there has
been some confusion between ends and
means. Some space science projects
grew so big and expensive that they
were driven by politics and bureaucrat-
ic momentum rather than by science.
Missions on a grand scale, such as the
Voyager flybys of the outer planets and
the Hubble Space Telescope observa-
tions of distant galaxies, have returned
a wealth of knowledge and have brought
political glory to their sponsors. But
within the National Aeronautics and
Space Administration, as in the world
outside, winds of change are blowing.
Billion-dollar missions are no longer in
style. Funding in the future will be dicey.
The best chances of flying will go to
ventures that are small and cheap.

I recently spent some weeks at the
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Jet Propulsion Laboratory ( JPL) in Pasa-
dena, Calif. JPL, which built and operat-
ed the Voyager spacecraft, is the most
independent and the most imaginative
part of NASA. I was interested in two in-
novative planetary missions proposed
by JPL, the Pluto Fast Fly-by and the Kui-
per Express. The Pluto Fast Fly-by would
complete Voyager’s exploration of the
outer solar system by taking high-reso-
lution pictures in many wave bands of
Pluto and its large satellite Charon. The
Kuiper Express would similarly explore
the Kuiper Belt, the swarm of smaller
objects orbiting beyond Neptune whose
existence was predicted about 40 years
ago by the astronomer Gerard P. Kuiper.

The Big Shrink at JPL

Both mission concepts were based
on a radical shrinkage of the instru-
ments carried by the Voyager probes. I
held in my hands the prototype pack-
age of instruments for the new space-
craft. It weighs five kilograms but does
the same job as the Voyager instru-
ments, which weighed more than 200
kilograms. All the hardware compo-
nents—optical, mechanical, structural
and electronic—have been drastically
reduced in size while providing signifi-
cantly improved sensitivity.

Daniel S. Goldin, the administrator of
NASA, encouraged JPL to devise these
missions to carry on the exploration of

the outer solar system using spacecraft
radically cheaper than Voyager. The two
Voyager missions, which began in 1977,
each cost about $1 billion. The JPL de-
signers estimated that their proposal
for the Pluto Fast Fly-by mission would
cost $500 million. Goldin told them, in
effect, “Sorry, but that is not what I had
in mind.”

The Pluto Fast Fly-by failed because it
did not depart radically enough from
the concept and technology of Voyag-
er. It still carried a heavy thermoelectric
generator, using the radioactive decay
of plutonium 238 as the source of en-
ergy. It still relied on massive chemical
rockets to give it speed for the long voy-
age from here to Pluto. It was new wine
in an old bottle. The scientific instru-
ments were drastically miniaturized, but
the rest of the spacecraft was not re-
duced in proportion.

After Goldin rejected the Pluto Fast
Fly-by, the designers worked out a re-
vised version of the mission, now called
the Pluto Express. The Pluto Express
shrinks the entire spacecraft, but it still
uses chemical rockets and a plutonium
power supply. It is new wine in a half-
new bottle. The estimated cost is now
about $300 million for two indepen-
dently launched spacecraft. The design-
ers hope to launch them around the
year 2003.

Meanwhile the Kuiper Express picks
up where the Pluto Express stopped. The
Kuiper Express is new wine in a new bot-
tle. It is the first radically new planetary
spacecraft since the first Pioneer mis-
sions in the late 1950s. The Kuiper Ex-
press dispenses with chemical rockets.
Its propellant is xenon, an inert gas that
can conveniently be carried as a super-
critical liquid, as dense as water, with-
out refrigeration. The prototype engine
was undergoing endurance tests in a
tank at JPL when I visited. It must run
reliably for 18 months without loss of
performance before it can be seriously
considered for an operational mission.

The power source for the Kuiper Ex-
press is a pair of large but lightweight
solar panels. The panels are expansive
enough to provide power for instrument
operations and communication with the
earth even in the dim sunlight in the

KUIPER EXPRESS spacecraft represents a sharp break from current space explo-
ration technology. In place of bulky chemical rockets, a lightweight ion engine pro-
pels the craft; the emerging ions emit a blue light. Power for the engine comes from
two huge but lightweight solar panels. Radically shrunken hardware improves
spacecraft performance without sacrificing scientific capability. The Kuiper Express
would examine the unexplored, cometlike bodies orbiting beyond Neptune. One
such object looms ahead while the receding crescent of Neptune (shown exaggerat-
ed in size) reflects off the spacecraft in this artistic rendering of a design proposal.
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Kuiper Belt. No plutonium generator is
needed. Some JPL experts reject the idea
of using solar energy to transmit signals
home from such a great distance and
doubt whether the huge, flimsy solar
collectors required for the job will ever
be practical. But the designers of the
Kuiper Express decided to jettison the
last heavy piece of Voyager hardware
so their bird can fly fast and free.

The Kuiper Express is a daring ven-
ture, breaking ground in many direc-
tions. It demands new technology and
a fresh style of management. It may fail,
like the Pluto Fast Fly-by, because its ar-
chitects may be forced by political con-
straints to make too many compromis-
es and to rely too much on old concepts.
But solar-electric propulsion has opened
the door to a new generation of cost-

effective small spacecraft, taking ad-
vantage of the enormous progress over
the past 30 years in miniaturizing in-
struments and computers. If the Kuiper
Express fails to fly, some other, bolder
mission will succeed. In space science,
as in politics, the collapse of the old or-
der opens possibilities for adventurous
spirits.

Spaceflight will certainly change rad-
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MINIATURIZED INSTRUMENTS will help reduce the size and cost of future spacecraft.
Above, Patricia M. Beauchamp of the Jet Propulsion Laboratory, co-leader of the study
team for the Kuiper Express, holds an example of a downsized instrument package that
could be used for such a mission. The 1970s-technology Voyager instruments, seen at
the right, are less sensitive but weigh 40 times as much.

ically between now and the end of the
next century. Nevertheless, physical
technology is far enough advanced that
we can make plausible guesses about
where it will be in 100 years. Our guess-
es will be wrong in detail, but we know
enough about the laws of physics to set
firm limits regarding what we can and
cannot do. The future of biotechnology
is uncertain in a different way. We can-
not even guess where its limits lie. I be-
lieve the 21st century will be the Age of
Biotechnology and that biotechnology
will transform the shape of spacecraft
as profoundly as it will transform the
patterns of human life. I will describe
here only the physical machinery whose
form and performance can be predict-
ed with some confidence.

A New Way to Fly

any systems of propulsion have
been proposed for the spacecraft
of the future. Five systems—nuclear-
electric propulsion, solar-electric pro-
pulsion, laser propulsion, solar sails and
electromagnetic ram accelerators—of-
fer great technical promise. Each has
particular advantages for certain mis-
sions. Forced to choose one, I pick so-
lar-electric as the most promising.
Solar-electric propulsion accelerates a
spacecraft by means of a low-thrust ion
jet. Sunshine falling on solar cells gener-
ates electricity, which is used to ionize
and accelerate a nonreactive gas, such
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as xenon. The positively charged ions
are pulled out of the engine, forming a
jet that impels the craft forward. In a
chemical rocket, the fuel provides both
energy and momentum, whereas in so-
lar-electric propulsion, the sources of
energy (sunlight) and momentum (the
ion jet) are separate. I declare solar-
electric propulsion to be the winner in
space because it allows us to push as
far in the directions of speed, efficiency
and economy as the laws of physics al-
low. I see solar-electric as a cheap, gen-
eral-purpose engine for moving pay-
loads all over the solar system.

This flexibility does not mean that
other propulsion systems will not be
necessary. To launch from the surface
of the earth into space, we will still
need chemical rockets or some more
efficient high-thrust launcher. Nuclear-
electric operates much like solar-elec-
tric but eliminates the dependence on
sunlight for electricity. Laser propulsion
draws its energy from a high-power la-
ser located on the earth’s surface; it is
well suited to a rapid-fire launch sched-
ule. Solar sails, driven by the pressure
of sunlight, get off to a slow start but
require no fuel. Ram accelerators pro-
vide an inexpensive launch system for
rugged bulk-freight payloads that can
stand an acceleration of several thou-
sand gravities. But for long-range, high-
speed hauling, either of freight or of
passengers, solar-electric seems the
propulsion system of choice.
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There are two physical limits to
the performance of solar-electric
spacecraft. One is set by the
thrust-to-weight ratio of ion-jet
engines, the other by the power-
to-weight ratio of surfaces that
can collect the energy of sunlight.
The thrust-to-weight ratio con-
strains the acceleration of the
spacecraft and is most important
for short missions. For instance,
if a vessel can accelerate at one
centimeter per second squared
(roughly one thousandth of earth
gravity), it will be able to reach a
speed of 26 kilometers per sec-
ond in a month’s time. Covering
relatively small distances quickly
requires a fast start and hence a
high thrust-to-weight ratio.

The power-to-weight ratio con-
strains the maximum velocity of
the spacecraft and is most impor-
tant for long journeys. The thin-
ner the surface of the solar col-
lector, the greater the power for a
given weight. The laws of physics
put the limit of thinness at about
one gram per square meter. This is less
than one thousandth of the weight of
the solar panels on the proposed Kui-
per Express, so a solar-electric space-
craft could in principle surpass the per-
formance of the Kuiper Express by a
factor of 1,000.

The Kuiper Express would use its so-
lar-electric engines for propulsion near
the earth and then coast the rest of the
way to the edge of the solar system. A
spacecraft built around thin-film collec-
tors could use its solar engine anywhere
in the solar system, even in the Kuiper
Belt, where sunlight is 1,000 times weak-
er than it is here. In the neighborhood
of the earth, such a craft could achieve
speeds of several hundred kilometers
per second, fast enough to reach Mars
or Venus or Mercury in much less than
a month. A diversified system of solar-
electric spacecraft would make the en-
tire solar system about as accessible
for commerce or for exploration as the
surface of the earth was in the age of
steamships.

Z. ARONOVSKY Zuma

Setting Anchor in Space

In the next century, as in the last, ev-
erything will depend on making the
passage cheap. Even if thin-film solar
panels can be made inexpensively, their
size and flimsiness will make them dif-
ficult to deploy. The problem of deploy-
ment will be much greater for large pay-
loads. Spacecraft carrying people, for in-
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stance, probably cannot weigh
less than one ton. A one-ton
craft that provides high perfor-
mance and good economy in
the use of propellant will need
solar collectors roughly two
acres in area—a little larger
than a football field. Whether
such voyages make sense will
depend on the motivation of
the passengers.

I, like the majority of scien-
tists, am more interested in un-
manned missions. For robotic
probes, the advantages of solar-
electric propulsion can be real-
ized more conveniently by
shrinking the overall weight
from tons to kilograms. The pro-
cess of miniaturization, which
led from Voyager to the Kuiper
Express, can be carried much
further. The typical solar-elec-
tric spacecraft of the future will
probably weigh a few kilograms
and carry a solar panel 10 to 20
meters in diameter. Such space-
craft would be ideal for scien-
tific exploration and probably
also for most commercial and
military ventures. The main
business of spacecraft, whether
they are scientific, commercial
or military, is information han-
dling, which we already know
how to do economically using
machines that weigh less than a
kilogram. Solar-electric propulsion will
give such missions a flexibility that
chemical rockets lack. Spacecraft using
solar-electric propulsion may wander
freely around the solar system, altering
their trajectories to follow the chang-
ing needs of science.

Where will our fleets of microspace-
craft be going 100 years from now? To
ask this question today is like asking
the Wright brothers in 1905 to predict
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where airplanes would be going in 1995.
The simple answer to both questions
is, “Everywhere.” One important, often
overlooked fact about the solar system
is that the bulk of the real estate is not
on planets. The planets contain most of
the mass outside the sun, but most of
the surface area is on smaller objects:
satellites, asteroids and comets. Except
for the larger satellites and a couple of
asteroids, all this area is totally unex-

ION ENGINE (at arrow) may be the propulsion technology of choice in the next century—it
is cheap, simple and efficient. This prototype is undergoing endurance tests in a huge vac-
uum chamber at the Lewis Research Center in Cleveland. The inset photograph shows a
side view of the engine during a test firing. Electricity passes through xenon gas in the en-
gine; the resulting electrically charged atoms, or ions, are pulled out of the engine, creat-
ing the glowing, propulsive jet. The modest but persistent thrust from ion engines could
accelerate spacecraft to high velocities, speeding the exploration of the solar system.

plored. Our spacecraft will mostly be go-
ing to places that nobody has yet seen.

Nature has kindly arranged the solar
system so that most of the potential
destinations are smaller bodies whose
gravity is weak. Such places are directly
accessible to low-thrust, solar-electric
spacecraft. Landing spots for 21st-cen-
tury spacecraft will be easier to find
than deep harbors were for 19th-centu-
ry steamships.
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Commentary

Why Go
Anywhere?

Millions of people could be
liberated from their vehicles

by Robert Cervero

by automobile in some

advanced countries may
very well involve the kind of
technology and intelligence
gathering once reserved for
tactical warfare. Onboard nav-
igational aids, fed by satellite
tracking systems, will give di-
rections in soothing digital
voices. In big cities, roadside
screens will flash messages
about distant traffic jams and alternative routes. Computer-
ized control and guidance devices embedded underneath
heavily trafficked corridors will allow appropriately equipped
cars and trucks to race along almost bumper to bumper. Spe-
cial debit cards will let motorists enter tollways without stop-
ping, park downtown without fumbling for change, and hop
on trains and people movers by swiping their cards through
electronic turnstiles. Some experts even foresee customized
tractor trailer-style “car-buses” that carry up to 20,000 cars
per hour per freeway lane—10 times the current capacity.

This constellation of new-age technologies is only a part
of the master plans drawn up in recent years in Europe and
the U.S. For example, Detroit’s “Big Three” automakers and
the U.S. Department of Transportation have together spent
or pledged several billion dollars through the remainder of
this decade on R&D and commercialization of the Intelligent
Transportation System. Although its goals of enhanced effi-
ciency, comfort and safety are unimpeachable, its inevitable
costs—spiraling fuel consumption, air pollution, suburban
sprawl and urban decay—are sobering.

One sensible and compelling alternative would be to reduce
the need to travel in the first place. Tools and techniques that
could drastically cut back on commuting already exist; appro-
priately designed communities, for example, could put most
destinations within walking (or bicycle-riding) distance, and
telecommunications, computers and other technologies could
let many people work from their homes or from facilities near-
by. The potential savings in time, energy, natural resources
and psychological wear-and-tear could be enormous.

Toward this end, a small but influential group of “new ur-
banist” planners and architects, led by Miami-based Andres
Duany and Californian Peter Calthorpe, is seeking to re-cre-
ate the pedestrian-friendly towns of yesteryear. Places such
as Princeton, N.J., Annapolis, Md., and Savannah, Ga., are their

In a decade or two, travel
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paragons. These small cities have lively central cores within
walking distance of most residents, prominent civic spaces,
narrow, tree-lined streets laid out in grids and varying mix-
tures of housing and main-street shops.

Most notably, these are places where one is less inclined
to drive and more likely to walk or bicycle to a nearby video
store or delicatessen. In contrast to contemporary master-
planned suburbs where people are confined to cars and
homes, these “neotraditional” communities would allow peo-
ple of all ages and walks of life to come into daily contact.
Such mingling, new urbanists believe, will promote social co-
hesion and build stronger bonds between people and place.
Critics charge that such humanist design principles smack of
social engineering and physical determinism; of course, one
could level similar charges against the federally subsidized in-
terstate highways and home mortgages that nurtured the
automobile industry and suburban sprawl in the postwar era.

Because of the tepid real estate market and skepticism
among lenders and developers, few neotraditional towns have
actually been built. Perhaps the best examples to date are Sea-
side, a compact, upscale resort community on Florida’s Pan-
handle, and Kentlands, a Georgetown look-alike just outside
Gaithersburg, Md.

By being less dependent on vehicles, life in these communi-
ties is more energy-efficient. Research by Reid Ewing of Flori-
da Atlantic University shows that households in the sprawl-
ing suburbs of Palm Beach County log two thirds more vehi-
cle hours per person than comparable households in more
compact, traditional communities.

elf-contained towns in which people live, work and shop

would be even more efficient. Nearly a century ago, to re-
lieve London from overcrowding, the planner-architect Sir
Ebenezer Howard first advanced the idea of building self-
sufficient satellite communities separated by greenbelts and
connected by railways. The British government embraced
Howard’s ideas, building two dozen such communities be-
tween 1946 and 1991, including settlements such as Milton
Keynes and Redditch that were platted on open fields.

In Britain, most of these relatively young communities,
called new towns, are highly self-contained—around two
thirds of their workforce resides locally. In new towns out-
side Stockholm and Paris, on the other hand, most workers
commute from outside the community. More than half do so
efficiently, however, by rail. In comparison, most American
new towns, such as Columbia, Md., and Reston, Va., remain
predominantly bedroom communities, populated by drive-
alone commuters. Other than remote retirement enclaves,
America’s most self-contained places (with low transporta-
tion-fuel consumption rates per capita) are its densest urban
centers, Manhattan and San Francisco.

Advances in telecommunications and changes in the ways
people live and work are now starting to bring some of this
self-sufficiency to other regions. The number of contract
workers, self-employed entrepreneurs and cottage industries
is on the rise, and computers, multimedia devices and satel-
lite communications are increasingly within the reach of av-
erage consumers. The developments will foster rapid growth
in home-based enterprises in coming years.

Distributed workplaces will also take the form of neighbor-
hood telecenters, equipped with videoconferencing, on-line
data-search capabilities, facsimile transmission and voice
mail, allowing suburbanites to walk or bike to their jobs a few
days a week and work at home the other days. In Orange
County and Sacramento, Calif., several developers have in-
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cluded home offices and neighborhood telecenters in new
mixed-use developments. Neighborhood coffee shops and
corner cafés have also opened, becoming watering holes
where home-based workers socialize and “network.” Today’s
cyberkids, reared on the Internet and interactive media, are
apt to be even more receptive to the idea of working at home
when they reach adulthood.

In recent years, technology has allowed a fortunate minor-
ity to live wherever it wants. Many of these people—software
specialists, independent consultants, writers and the like—
are choosing fairly out-of-the-way spots, like Sante Fe, N.M.,

TOWN CENTER provides civic focus for Kentlands, a planned
community in southern Maryland. Convergence of streets
creates more routes from the center, distributing traffic. An-

central Colorado and Peterborough, N.H. Now other towns
are picking up on the trend. In an effort to provide local res-
idents with jobs and to keep people from leaving, Oberlin,
Kan., has built a telecommunications post in its town center.
Steamboat Springs, Colo., bills itself as a communications
haven, actively luring professionals who work at home. Ad-
vanced technologies—such as satellite communications sys-
tems, the proposed information highway and very high speed
trains—could spawn a constellation of self-contained urban
villages across North America. Residents of these places
would lose less of their time in transit.

The past 150 years has been a self-perpetuating cycle of
urban transportation advances and decentralization. New
transportation technologies have stretched the envelope of
urban development, raising per capita fuel consumption,
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consuming farmlands and open space, and dirtying air ba-
sins. White flight to the freeway-laced suburbs and exurbs
has left many inner cities in a state of near collapse and di-
vided by race and class. America’s vast highway system, of
course, has just been a means to an end; rising incomes, res-
idential preferences, prejudices and other social and eco-
nomic factors motivated families to flee urban centers. By
failing to pass on the true social costs to motorists, however,
we encourage excessive auto travel and subsidize sprawl.
The so-called Intelligent Transportation System stands to
worsen this state of affairs by orders of magnitude.

other tenet of the “new urbanist” credo is close spacing of
homes, allowing residents to walk to shops, parks and com-
munity centers and to socialize with one another more easily.

The difference between advancing these costly transpor-
tation technologies as opposed to designing new kinds of
sustainable communities is the difference between automo-
bility and accessibility. Enhancing automobility—the ability
to get from place to place in the convenience of one’s own
car—is and has been the dominant paradigm guiding trans-
portation investments throughout this century.

Accessibility, in contrast, is about creating places that re-
duce the need to travel and, in so doing, help to conserve re-
sources, protect the environment and promote social justice.
Have technology, will travel. Have sustainable communities,
will prosper.

ROBERT CERVERO is professor of city and regional plan-
ning at the University of California, Berkeley.

Copyright 1995 Scientific American, Inc.

ALEX S. MACLEAN Landslides






Many diseases may be
cured with gene therapy,
and damaged organs may

be repaired or replaced

with tissue grown from
cells in the laboratory.

The new century should

also see innovative con-

traceptives, including,
finally, some for men.
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Gene Therapy

Several hundred patients have already
received treatment. In the next century
the procedure will be commonplace

by W. French Anderson

n September 14, 1990, Ashanti
O DeSilva, barely four years old,

became the first patient to un-
dergo federally approved gene therapy.
Little Ashanti was suffering from severe
combined immunodeficiency (SCID) be-
cause she had inherited a defective gene
from each parent. The gene in question
normally gives rise to an enzyme, aden-
osine deaminase, needed for proper
function of the immune system. With-

1 Viral genes are replaced by a disease-

out this critical enzyme, Ashanti’s im-
mune system shut down, leaving her
vulnerable to a host of infections.

The treatment Ashanti received was
carried out at the National Institutes of
Health by a team composed of R. Mi-
chael Blaese, Kenneth W. Culver, myself
and several others. We removed white
blood cells of the immune system from
her body, inserted normal copies of the
defective gene into the collection and

correcting gene, and the resulting material is fit

into a carrier shell derived from a virus.
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CORRECTIVE GENE P

2 A solution containing the gene
carriers is injected into a patient’s
bloodstream.

then returned the treated cells to her
circulation. The experiment went well.
After Ashanti received four infusions
over four months, her condition im-
proved. With the help of occasional fol-
low-up treatments, she has now been
transformed from a quarantined little
girl, who was always sick and left the
house only to visit her doctor, into a
healthy, vibrant nine-year-old who loves
life and does everything.

The new technology of gene therapy
promises to revolutionize medicine in
the next century. Over the course of his-
tory, there have been three great leaps
in our ability to prevent and treat dis-
eases. When society began taking such
public health measures as establishing
sanitation systems, vast numbers of
people were protected from devastating
infections. Next, surgery with anesthesia
enabled doctors for the first time actu-
ally to cure an illness. (If someone has
an inflamed appendix, for example, re-
moval of the organ solves the problem
for life.) Introduction of vaccines and
antibiotics ushered in the third revolu-
tion, making it easy to prevent or correct
many diseases spread by microbes.

Gene therapy will constitute a fourth
revolution because delivery of selected
genes into a patient’s cells can potential-
ly cure or ease the vast majority of dis-
orders, including many that have so far
resisted treatment. If this notion seems
surprising, consider that almost every
illness arises in part because one or
more genes are not functioning proper-

' ly. Genes give rise to proteins (the main
workers of cells), and defective genes
- MOLECULES THAT BIND
ONLY TO SELECTED
CELL TYPES
o
N‘
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5 The corrective gene
directs synthesis of a
protein that will kill the
tumor cell.

can yield disease when they cause cells

to make the wrong amount of a protein /

or an aberrant form of it. N THERAPEUTIC
More than 4,000 conditions, such as

SCID and cystic fibrosis, are caused by

inborn damage to a single gene. Many
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enormously in the next few decades. By
the year 2000, scientists working on the
Human Genome Project should have
determined the chromosomal location
of, and deciphered parts of the DNA
code in, more than 99 percent of active
human genes. And research aimed at
uncovering the function of each gene
will be progressing rapidly. Such infor-
mation should make it possible to
identify the genes that malfunction in
various diseases.

How Gene Therapy Works

To deliver corrective genes to dam-
aged cells, researchers have devel-
oped several methods for transporting
genetic material. The most effective
technique employs modified viruses as
such carriers. Viruses are useful in part

in order to compensate for a defective
gene. (The genes do not always have to
be fit into a patient’s chromosomes to
be helpful; they simply have to survive
and give rise to therapeutic levels of
the specified protein.) Physicians may
also introduce a purposely altered gene
in order to give a cell a new property.
For example, several groups are inves-
tigating such a treatment for patients
infected with the human immunodefi-
ciency virus (HIV), the cause of AIDS. In
this therapy, copies of a gene that inter-
feres with replication of HIV are insert-
ed into the patient’s blood cells, where
they can potentially halt progress of the
disease. Eventually, physicians might
even deliver genes to prevent certain
medical conditions. Instead of waiting
for a woman who is susceptible to
breast cancer to become ill, for example,

ASHANTI DESILVA, the first recipient of federally approved gene therapy, was treat-

ed for a lethal inherited condition called severe combined immunodeficiency when
she was four years old. With help from occasional booster treatments, she has
grown into a healthy, active nine-year-old.

because they are naturally able to pen-
etrate cells, inserting the genetic mate-
rial they contain into their new host.
Before viruses can be used in therapy,
however, genes coding for proteins that
viruses use to reproduce and to cause
disease must be removed. When those
genes are replaced with a corrective
gene, one has a delivery system that is
identical to the original virus on the
outside and can transport useful genes
into cells but cannot cause illness.
Physicians can apply gene therapy in
either of two ways. As was done in
Ashanti’s case, they may insert a healthy
copy of a gene into the patient’s cells
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doctors might provide her with protec-
tive genes while she is still healthy.

For the next decade, gene delivery is
most likely to be performed only on
somatic cells, which consist of all cell
types except sperm, eggs and their pre-
cursors. Genetic alteration of somatic
cells affects only the patient undergo-
ing treatment. In theory, gene therapy
could also be applied to the reproduc-
tive, or germ, cells. Modification of these
cells would affect all descendants of the
original patient. Many aspects of mod-
ern life, such as tobacco smoking and
exposure to radiation, may well alter
the genetic makeup of subsequent gen-
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erations inadvertently, but deliberate
application of germ-cell gene therapy
would open a Pandora’s box of ethical
concerns that few investigators are
willing to confront until much more is
known about somatic-cell gene therapy.

Recent Progress

Researchers have developed several
approaches to gene therapy on so-
matic cells. The most commonly used
technique, known as ex vivo (or “out-
side the living body”) therapy, is the
kind we used for Ashanti: cells with de-
fective genes are removed from the pa-
tient and given normal copies of the af-
fected DNA before being returned to the
body. This therapy has generally target-
ed blood cells because many genetic de-
fects alter the functioning of one type of

JESSICA BOYATT

these cells or another. But blood cells
have limited life spans. Thus, corrected
cells slowly disappear, and periodic
treatments are typically required.
Future efforts will most likely target
the stem cells of the bone marrow: the
immature cells that give rise to the full
array of blood cells in the circulation
and that replenish blood cells as need-
ed. Stem cells are ideal targets for gene
therapy because they appear to be im-
mortal: they survive as long as the pa-
tient lives. Hence, they constitute a per-
manent reservoir for an inserted gene.
Although scientists have been able to
obtain stem cells from human bone
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marrow, they are having difficulty get-
ting genes into these elusive cells as well
as inducing the cells to produce many
new blood cells in the body. Advances
are being made, however. Just this year
a team led by Donald B. Kohn at Chil-
dren’s Hospital in Los Angeles an-
nounced that three newborns afflicted
with SCID who were treated by insert-
ing genes into their stem cells are now
thriving two-year-olds. Their blood cells
are producing the critical enzyme they
lacked at birth. Because young infants
grow rapidly, their stem cells are quite
active. In older patients, though, stem
cells produce new blood cells more slow-
ly. Fortunately, the problem is tractable.
Investigators in many laboratories are
making good progress toward isolating
the chemicals the body itself uses to
trigger stem cell division. I expect that
by the beginning of the 21st century,
the stem cell problem will be resolved.

A second, reasonably well developed
method of somatic-cell gene therapy is
called in situ (or “in position”) treat-
ment. In this procedure, carriers bear-
ing corrective genes are introduced di-
rectly into the tissue where the genes
are needed. This procedure makes sense
when a condition is localized, but it can-
not correct systemic disorders.

In situ treatment is being explored for
several diseases. In the case of cystic fi-
brosis, which impairs the lungs, work-
ers have introduced gene carriers con-
taining healthy copies of the cystic fi-
brosis gene into the lining of the
bronchial tubes. As a first step toward
treating muscular dystrophy, other re-
searchers have injected a gene directly
into muscle tissue in animals to inves-
tigate the possibility of reengineering
the body to make normal muscle pro-
teins. Several teams have inserted “sui-
cide” carriers into tumors; these carri-
ers contain a gene intended to make
cancer cells commit suicide when treat-
ed with certain chemotherapy drugs.

In situ therapy is still hampered by a
lack of safe and effective ways for im-
planting corrected genes into various or-
gans. Further, as is true of ex vivo thera-
py, the genes do not always yield good
quantities of the encoded proteins. Also,
the altered cells are rarely immortal—
and so the useful genes perish when the
cells that house them die. Finally, in
both ex vivo and in situ therapy, once
genes enter cells, they can insert them-
selves randomly into the DNA of chro-
mosomes. Such insertion can be harm-
less; at times, however, it may have seri-
ous consequences. If, for example, the
corrective genes disrupt tumor suppres-
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sor genes, which normally
protect the body against tu-
mors, cancer may result.

Diseases
Being Treated
in Clinical
Trials of Gene

out only in major medical
centers. But in contrast to
some procedures, such as

Therapy heart transplantation, that
Better Methods to Come will always be expensive,
=Cancer gene therapy should ulti-

third class of treat-
ments, known as in
vivo (or “in the living body”)
therapy, does not exist to-
day, but it is the therapy of
the future. Physicians will
simply inject gene carriers
into the bloodstream, in
much the way many drugs
are administered now.
Once in the body, the carri-
ers will find their target
cells (while ignoring other
cell types) and transfer
their genetic information
efficiently and safely.
Good progress has been
made toward ensuring that
vectors will home to specif-

=SCID

(melanoma, renal
cell, ovarian,
neuroblastoma,
brain, head and
neck, lung, liver,
breast, colon,
prostate, meso-
thelioma, leukemia,
lymphoma, multi-
ple myeloma)

= Cystic fibrosis
=Gaucher’s disease

= Familial hyper-
cholesterolemia

=Hemophilia

= Purine nucleoside

mately become simpler and
less costly. Indeed, within
20 years, I expect that gene
therapy will be used regu-
larly to ameliorate—and
even cure—many ailments.

No discussion of gene
therapy is complete with-
out mention of its ethical
implications. When we have
the technical ability to pro-
vide a gene for correcting a
lethal illness, we also have
the ability to provide a gene
for less noble purposes.
There is thus a real danger
that our society could slip
into a new era of eugenics.
It is one thing to give a nor-

ic cell types. But workers phosphorylase mal existence to a sick in-
have had less success cre- deficiency dividual; it is another to at-
ating delivery units that can tempt to “improve” on nor-
. . . -A|pha-] “ »
efficiently insert their ge- antitrypsin mal—whatever “normal
netic payload into the tar- deficiency means. And the situation

get cells or elude a patient’s
immune system and other
defenses long enough to
reach their destination. The
ongoing concern about ran-
domly inserted DNA seg-
ments remains a problem
as well. Despite these hur-
dles, I am optimistic that by
2000 many solutions will
have been found, and early
versions of injectable vec-
tors that target specific

arthritis

= AIDS

=Fanconi’s anemia
=Hunter’s syndrome

= Chronic granulo-
matous disease

=Rheumatoid

= Peripheral
vascular disease

will be even more danger-
ous when we begin to alter
germ cells. Then misguid-
ed or malevolent attempts
to alter the genetic composi-
tion of humans could cause
problems for generations.
Our society went into the
age of nuclear energy blind-
ly, and we went into the
age of DDT and other pes-
ticides blindly. But we can-
not afford to go into the

cells will be in clinical trials.

Aside from the technical challenges
that will have to be overcome before
gene therapy of any kind will be routine,
there is the problem of cost. For the
next several years, early trials will con-
tinue to be expensive and to be carried
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age of genetic engineering
blindly. Instead we must move into this
exciting new era with an awareness that
gene therapy can be used for evil as well
as for good. As we reap the benefits of
this technology, we must remember its
pitfalls and remain vigilant.
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Artificial Organs

Engineering artificial tissue is the natural
successor to treatments for injury and disease.
But the engineers will be the body’s own cells

by Robert Langer and Joseph P. Vacanti

Cosmos and Damian, the leg of a
recently deceased Moorish servant
is transplanted onto a Roman cleric
whose own limb has just been ampu-
tated. The cleric’s life hangs in the bal-
ance, but the transplant takes, and the
cleric lives. The miraculous cure is at-
tributed to the intervention of the saint-
ly brothers, both physicians, who were
martyred in A.D. 295. What was consid-
ered miraculous in one era may become
merely remarkable in another. Surgeons
have been performing reimplantation of
severed appendages for almost three
decades now, and transplants of organs
such as the heart, liver and kidney are
common—so common, in fact, that the
main obstacle to transplantation lies
not in surgical technique but in an ever
worsening shortage of the donated or-
gans themselves.
In the next three decades, medical sci-

In the third-century legend of Saints

Vi 4
.III.- :

WASTE [

REMCVAL
|'
|

PUMP |l
F

/)
N |
" UTRIENTS |

130

ence will move beyond the practice of
transplantation and into the era of fabri-
cation. The idea is to make organs, rath-
er than simply to move them. Advanc-
es in cell biology and plastic manufac-
ture have already enabled researchers
to construct artificial tissues that look
and function like their natural counter-
parts. Genetic engineering may produce
universal donor cells—cells that do not
provoke rejection by the immune sys-
tem—for use in these engineered tis-
sues. “Bridging” technologies may serve
as intermediate steps before such fab-
rication becomes commonplace. Trans-
plantation of organs from animals, for
example, may help alleviate the problem
of organ shortage. Several approaches
under investigation involve either breed-
ing animals whose tissues will be im-
munologically accepted in humans or
developing drugs to allow the accep-
tance of these tissues. Alternatively, mi-

MUSCLE
SCAFFOLDING

/

e
NERVE
SCAFFOLDING

croelectronics may help bridge the gap
between the new technologies and the
old. The results will bring radical chang-
es in the treatment of a host of devas-
tating conditions.

Millions of Americans suffer organ
and tissue loss every year from acci-
dents, birth defects and diseases such
as cancer. In the last half of this century,
innovative drugs, surgical procedures
and medical devices have greatly im-
proved the care of these patients. Im-
munosuppressive drugs such as cyclo-
sporine and tacrolimus (Prograf) pre-
vent rejection of transplanted tissue;
minimally invasive surgical techniques
such as laparoscopy have reduced trau-
ma; and dialysis and heart-lung ma-
chines sustain patients whose condi-
tions would otherwise be fatal.

Yet these treatments are imperfect
and often impair the quality of life. The
control of diabetes with insulin shots,
for example, is only partly successful.
Injection of the hormone insulin once
or several times a day helps the cells of
diabetics to take up the sugar glucose
(a critical source of energy) from the
blood. But the appropriate insulin dos-
age for each patient may vary widely
from day to day and even hour to hour.
Often amounts cannot be determined
precisely enough to maintain blood sug-
ar levels in the normal range and thus
to prevent complications of the disease
later in life—conditions such as blind-
ness, kidney failure and heart disease.

Innovative research in biosensor de-
sign and drug delivery may someday

= 5
BLOOD BOME
SCAFFOLDING  SCAFFOLDING NERVE ARTERY
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make insulin injections obsolete. In
many diabetics, the disease is caused
by the destruction in the pancreas of
so-called islet tissue, which produces
insulin. In other people, the pancreas
makes insulin, but not enough to meet
the body’s demands. It is possible to
envision a device that would function
like the pancreas, continuously moni-
toring glucose levels and secreting the
appropriate amount of insulin in re-
sponse. The device could be implanted
or worn externally.

An Artificial Pancreas

uch of the technology for an exter-

nal glucose sensor that might be
worn like a watch already exists [see il-
lustration on page 133]. Recent studies
at the Massachusetts Institute of Tech-
nology, the University of California at
San Francisco and elsewhere have shown
that the permeability of the skin can
temporarily be increased by electric
fields or low-frequency ultrasonic waves,
allowing molecules such as glucose to
be drawn from the body. The amount
of glucose extracted in this way can be
measured by reaction with an enzyme
such as glucose oxidase, or light sensors
could detect the absorbance of glucose
in the blood.

These sensing devices could be cou-
pled via microprocessors to a power
unit that would pass insulin through the
skin and into the bloodstream by the
same means that the sugar was drawn
out. The instrument would release in-

Copyright 1995 Scientific American, Inc.

sulin in proportion to the amount of
glucose detected.

An implantable device made of a
semipermeable plastic could also be
made. The implant, which could be in-
serted at any of several different sites
in the body, would have the form of a
matrix carrying reservoirs of insulin and
glucose oxidase. As a patient’s glucose
level rose, the sugar would diffuse into
the matrix and react with the enzyme,
generating a breakdown product that is
acidic. The increase in acidity would al-
ter either the permeability of the plastic
or the solubility of the hormone stored
within it, resulting in a release of insu-
lin proportional to the rise in glucose.
Such an implant could last a lifetime,
but its stores of glucose oxidase and
insulin would have to be replenished.

The ideal implant would be one made
of healthy islet cells themselves. That
is the rationale behind islet cell trans-
plantation [see “Treating Diabetes with
Transplanted Cells,” by Paul E. Lacy; SCI-
ENTIFIC AMERICAN, July]. Investigators
are working on methods to improve the
survival of the implants, but the prob-
lem of supply remains. As is the case

with all transplantable organs, the de-
mand for human pancreas tissue far
outstrips the availability. Consequently,
researchers are exploring ways to use
islets from animals. They are also
studying ways to create islet tissue, not
quite from scratch, but from cells taken
from the patient, a close relative or a
bank of universal donor cells. The cells
could be multiplied outside the body
and then returned to the patient.

Spinning Plastic into Tissue

Many strategies in the field of tissue
engineering depend on the manip-
ulation of ultrapure, biodegradable plas-
tics or polymers suitable as substrates
for cell culture and implantation. These
polymers possess both considerable
mechanical strength and a high surface-
to-volume ratio. Many are descendants
of the degradable sutures introduced
two decades ago. Using computer-aided
design and manufacturing methods, re-
searchers will shape the plastics into in-
tricate scaffolding beds that mimic the
structure of specific tissues and even
organs. The scaffolds will be treated

REPLACEMENT ARM AND HAND will someday be fabricated of artificial tissues.
The structure of each system—muscle, bone, blood vessels, skin and so on—would
be duplicated in biodegradable plastic. These “scaffolds” would then be seeded
with cells of the relevant tissue. The cells divide, and the plastic degrades; finally,
only coherent tissue remains. A mechanical pump would provide nutrients and re-
move wastes until the arm, which would take roughly six weeks to grow, can be at-
tached to the body. Most of this technology is already in place. The remaining hur-
dle is regeneration of nerve tissue. (Depiction of a gradient of formation is for il-
lustrative purposes; all the tissue would in fact form at the same time.)
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with compounds that help
cells adhere and multiply,
then “seeded” with cells. As
the cells divide and assem-
ble, the plastic degrades. Fi-
nally, only coherent tissue re-
mains. The new, permanent
tissue will then be implanted
in the patient.

This approach has already
been demonstrated in ani-
mals, most recently when our
group engineered artificial
heart valves in lambs from
cells derived from the ani-
mals’ blood vessels [see
“Have a Heart,” “Science and
the Citizen,” SCIENTIFIC
AMERICAN, June]. During the
past several years, human
skin grown on polymer sub-
strates has been grafted onto
burn patients and the foot
ulcers of diabetic patients,
with some success. The epi-
dermal layer of the skin may
be rejected in certain cases,
but the development of uni-
versal-donor epidermal cells
will eliminate that problem.

Eventually, whole organs
such as kidneys and livers
will be designed, fabricated
and transferred to patients.
Although it may seem unlike-
ly that a fully functional or-
gan could grow from a few
cells on a polymer frame, our
research with heart valves
suggests that cells are re-
markably adept at organiz-
ing the regeneration of their
tissue of origin. They are able
to communicate in three-di-
mensional culture using the
same extracellular signals
that guide the development
of organs in utero. We have
good reason to believe that,
given the appropriate initial
conditions, the cells them-
selves will carry out the sub-

SCAFFOLDING has been con-
structed to provide a tem-
plate for formation of new
tissue (shown enlarged, from
top to bottom, x200, x500,
x1,000). The biodegradable
plastic has been seeded with
cells, which divide and
assemble until they cover
most of the structure. Even-
tually, the plastic degrades,
leaving only tissue.
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tler details of organ recon-
struction. Surgeons will need
only to orchestrate the or-
gans’ connections with pa-
tients’ nerves, blood vessels
and lymph channels.

Similarly, engineered struc-
tural tissue will replace the
plastic and metal prostheses
used today to repair damage
to bones and joints. These liv-
ing implants will merge seam-
lessly with the surrounding
tissue, eliminating problems
such as infection and loosen-
ing at the joint that plague
contemporary  prostheses.
Complex, customized shapes
such as noses and ears can
be generated in polymer con-
structs by computer-aided
contour mapping and the
loading of cartilage cells onto
the constructs; indeed, these
forms have been made and
implanted in animals in our
laboratories. Other structural
tissues, ranging from ure-
thral tubes to breast tissue,
can be fabricated according
to the same principle. After
mastectomy, cells that are
grown on biodegradable poly-
mers would be able to pro-
vide a completely natural re-
placement for the breast.

Ultimately, tissue engineer-
ing will produce complex
body parts such as hands and
arms [see illustration on pre-
ceding two pages). The struc-
ture of these parts can al-
ready be duplicated in poly-
mer scaffolding, and most of
the relevant tissue types—
muscle, bone, cartilage, ten-
don, ligaments and skin—
grow readily in culture. A me-
chanical bioreactor system
could be designed to provide
nutrients, exchange gases, re-
move waste and modulate
temperature while the tissues
mature. The only remaining
obstacle to such an accom-
plishment is the resistance of
nervous tissue to regenera-
tion. So far no one has suc-
ceeded in growing human
nerve cells. But a great deal
of research is being devoted
to this problem, and many in-
vestigators are confident that
it will be overcome.

In the meantime, innovative

Copyright 1995 Scientific American, Inc.
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They will be critical components in,
say, construction of the so-called arti-
ficial womb. In the past few decades,
medical science has made consider-
able progress in the care of premature
infants. Current life-support systems
can sustain babies at 24 weeks of ges-
tation; their nutritional needs are met
through intravenous feeding, and ven-
tilators help them to breathe.
Younger infants cannot survive,
primarily because their immature
lungs are unable to breathe air.
A sterile, fluid-filled artificial
womb would improve survival
rates for these newborns.
The babies would breathe lig-
uids called perfluorocarbons,
which carry oxygen and car-

INSULIN-DELIVERY SYSTEM (above) on the drawing boards for di-

abetics would be worn like a watch. Electric fields or low-frequency
ultrasound would temporarily increase the permeability of the skin,
allowing glucose molecules to be withdrawn from the bloodstream. A
sensor would pass insulin back through the skin in proportion to the
amount of glucose detected. Glucose-sensing systems, something like the
prototype at the right, are expected to start clinical trials in 1996; insulin-

bon dioxide in high concentra-
tions. Perfluorocarbons can be
inhaled and exhaled just as air is.
A pump would maintain continu-
ous circulation of the fluid, allow-

delivery technology is at an earlier stage.

microelectronic devices may substitute
for implants of engineered nervous tis-
sue. For example, a microchip implant
may someday be able to restore some
vision to people who have been blinded
by diseases of the retina, the sensory
membrane that lines the eye. In two of
the more common retinal diseases, ret-
initis pigmentosa and macular degen-
eration, the light-receiving ganglion cells
of the retina are destroyed, but the un-
derlying nerves that transmit images
from those cells to the brain remain in-
tact and functional.

Innovative Electronics

n ultrathin chip, placed surgically at
the back of the eye, could work in
conjunction with a miniature camera to
stimulate the nerves that transmit im-
ages. The camera would fit on a pair of

eyeglasses; a laser attached to
the camera would both power
the chip and send it visual infor-
mation via an infrared beam.
The microchip would then excite
the retinal nerve endings much
as healthy cells do, producing the
sensation of sight. At M.I.T. and
the Massachusetts Eye and Ear In-
firmary, recent experiments in
rabbits with a prototype of this
“vision chip” have shown that
such a device can stimulate the
ganglion cells, which then send
signals to the brain. Researchers
will have to wait until the chip has
been implanted in humans to know
whether those signals approximate the
experience of sight.

Mechanical devices will also continue
to play a part in the design of artificial
organs, as they have in this century.

ing for gas exchange. Liquid breath-
ing more closely resembles the
uterine environment than do tradi-
tional ventilators and is much easi-
er on the respiratory tract. Indeed,
new work on using liquid ventila-
tion in adults with injured lungs is
under way. Liquid-ventilation sys-
tems for older babies are currently
in clinical trials. Such systems will
be used to sustain younger babies
within a decade or so.

In addition to a gas-exchange ap-
paratus, the womb would be
equipped with filtering devices to
remove toxins from the liquid. Nu-
trition would be delivered intra-
venously, as it is now. The womb
would provide a self-contained

system in which development and
growth could proceed normally until
the baby’s second “birth.” For most
premature babies, such support would

be enough to ensure survival. The de-
veloping child is, after all, the ultimate
tissue engineer.

CYGNUS THERAPEUTIC SYSTEMS
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Future

Contraceptives

Vaccines for men and women will eventually
Jjoin new implants, better spermicides and
stronger, thinner condoms

by Nancy J. Alexander

‘ « [ ith a range of contraceptives
already available, are new ones
even necessary? Absolutely.
Among those who practice birth control
(including more than half the world’s
couples), dissatisfaction with cur-

rent methods is high. This
& —

ACROSOME —

unhappiness often leads to misuse or
abandonment of otherwise effective ap-
proaches and thus contributes signifi-
cantly to high rates of accidental preg-
nancy and of abortion. In the U.S., more
than half of all pregnancies every
year are unintended, and rough-

Substances that bind

to certain proteins on the

sperm surface could block

attachment to the egg’s coat
\

ly 1.6 million of the approximately 6.4
million women who become pregnant
elect to have an abortion.

The ideal contraceptive would be high-
ly effective, safe, long-acting but readily
reversible, virtually free of side effects
and applied sometime other than just
before sex. It would also reduce the
spread of sexually transmitted diseases
and be inexpensive. No product under
study today can meet all these criteria,
but several approaches that could be on
the market in the first third of the 21st
century would meet most of them.

Beyond Condoms for Men

ight now the only contraceptive de-

vice sold for men is the condom.
Once, men covered the penis with ani-
mal bladders and lengths of intestines.
Later, the advent of latex allowed uni-
form products to be made, but many
men claim the sheaths reduce their sex-
ual pleasure. To address this powerful
deterrent to use, manufacturers have
recently introduced a strong, thin poly-

Chemicals that disrupt the protective
actions of antioxidants could cause
sperm to decay

Agents that
block removal
of cholesterol —

from the
sperm plasma
membrane
could render
sperm unable
to penetrate
the egg’s coat

PROTEIN THAT
BINDS TO
EGG’S COAT

CHOLESTEROL

CALCIUM
CHANNEL

ANTIOXIDANT T

TAIL

Drugs that block

calcium ions from entering
the sperm head could render
sperm unable to penetrate
the egg’s coat
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urethane condom, and additional films
made of the same or other polymers
will follow soon. Aside from interfering
less with sensation, these nonlatex ma-
terials should be excellent barriers to
infection, nonallergenic and more re-
sistant to breakage and to degradation
by heat, light and oily lubricants.

The first truly innovative male-orient-
ed approach will manipulate hormones
to stop sperm production—a big chal-
lenge, given that men typically gener-
ate at least 1,000 sperm every minute.
Sperm manufacture is controlled by
several hormones. The hypothalamus
secretes gonadotropin-releasing hor-
mone, which drives the pituitary to se-
crete luteinizing hormone and follicle-
stimulating hormone. Luteinizing hor-
mone stimulates the testes to produce
testosterone. This steroid, together with
follicle-stimulating hormone, induces
cells called spermatogonia in the testes
to divide and ultimately give rise to
sperm.

One avenue of hormonal attack would
be intramuscular injection of an andro-
gen (testosterone or related male hor-
mones), leading to release of the hor-
mone into the bloodstream. This strat-
egy, which is being studied intensively

by the World Health Organization, de-
rives from the finding that circulating
androgens instruct the brain to damp-
en secretion of gonadotropin-releasing
hormone and thus of luteinizing hor-
mone and follicle-stimulating hormone.
A drawback is that high levels of andro-
gens in the circulation produce trou-
bling side effects—notably, increased ir-
ritability, lowered levels of high-density
lipoproteins (the “good” kind of choles-
terol) and increased acne. Fortunately,
adding a progestin (a synthetic form of
the female steroid progesterone) seems
to allow men to take a lower androgen
dose, an innovation that should elimi-
nate side effects and be safer than tak-
ing an androgen alone. The combina-
tion treatment will probably offer three
months of protection and should be
ready in about a decade. This lag time
may seem surprising, but development
of any new contraceptive technology
takes 10 to 20 years.

As an alternative, one could block the
activity of gonadotropin-releasing hor-
mone with molecules that do not cause
androgen-related side effects. Antago-
nists consisting of small proteins, or
peptides, already exist, but they are not
potent enough to serve as contracep-
tives. Investigators are
therefore trying to design
nonpeptide inhibitors. Of
course, blockade of go-
nadotropin-releasing hor-
mone would suppress tes-
tosterone production, and
so men would have to take
replacement androgens in
order to retain muscle
mass, male sexual charac-
teristics and libido.

Perhaps 20 to 25 years
from now, men should
also have access to long-
acting agents (protective
for months) that, instead
of disturbing natural hor-
mone balances, directly
halt sperm production in
the testes or impede mat-
uration of newly made
sperm in matching cham-
bers connected to the tes-
tes: the epididymides. It is

NANCY J. ALEXANDER

SPERM HEAD IS THE TARGET of many contraceptive strate-
gies under study for both sexes. Several approaches (text
blocks at left) rely on synthetic chemicals (red dots in detail
of plasma membrane) to alter the head in ways that would
prevent sperm from fertilizing an egg. Scientists are also
trying to produce contraceptive vaccines. Such vaccines
would induce the immune system of a man or a woman to
produce antibody molecules able to disrupt sperm function.
Certain antibodies, for example, can cause sperm cells to
clump together uselessly (micrograph).
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in the epididymides, for
example, that sperm first
become motile. Investiga-
tions have suggested that
disrupting maturation in
the epididymides is the
more feasible option, for a
couple of reasons. Wheth-
er delivered orally, by in-
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jection or by an implant, drugs aimed
at sperm would have to reach the testes
or epididymides via the bloodstream;
however, blood-borne drugs often have
difficulty passing out of the circulation
and into the part of the testes where
sperm are manufactured. Further, many
drugs that are capable of stalling sperm
synthesis have proved toxic to sperma-
togonia in the testes and would thus
lead to irreversible sterility. Such action
would be fine for pets but would be un-
acceptable to most men.

Vaccines for Both Sexes

he 21st century should also see con-

traceptive vaccines (immunocon-
traceptives) for men as well as women;
these vaccines will probably be effective
for about a year. Most of them would
prod the immune system to make anti-
bodies able to bind to, and disrupt the
functioning of, selected proteins in-
volved in reproduction. The immune
system would be set in motion by in-
jecting a person with many copies of
the target protein—known as an anti-
gen or immunogen—along with other
substances capable of boosting the
body’s response.

One of the more promising vaccines
to have reached clinical trials aims to
raise antibodies that will inhibit gonad-
otropin-releasing hormone in men. Be-
cause this vaccine, developed by the
Population Council, would shut down
testosterone production, men would,
once again, need androgen-replacement
therapy.

Two versions of a female vaccine are
also being tested. They target human
chorionic gonadotropin, a hormone that
is secreted by the nascent placenta and
is needed for implantation. One version,
which was developed by the Indian Na-
tional Institute of Immunology, has un-
dergone preliminary human trials of
efficacy in India, and similar trials are
planned for the other approach, which
is being developed by the World Health
Organization.

Vaccines given to men or women
could also lead to immune responses
that would immobilize sperm, cause
them to clump together or otherwise
prevent them from swimming to or fus-
ing with an egg. Female vaccines could
additionally stimulate the production
of antibodies that would bind to the
surface of an ovulated egg and form a
shield impenetrable to sperm. Immuno-
contraceptives will be among the later
birth-control tools to appear, primarily
because candidate immunogens must
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be studied in great detail. Scientists have
to be sure that the inoculations will not
induce immune responses against un-
intended tissues, and they have to find
methods for producing vaccines in
quantity. Adding to the complexity, vac-
cines will probably need to contain sev-
eral antigens, to compensate for the fact
that people can differ in their respon-
siveness to individual antigens.

For Women: Many Hormonal Options

er alternatives to condoms show
up for men, women will already have
amassed experience with several new
products, many of them hormonal. Cur-
rently women can choose from various
hormonal methods: oral contraceptives,
monthly injections, an injection that
works for three months, and the five-
year Norplant system, in which six flex-
ible hormone-containing rods (the size
of wooden matches) are placed under
the skin. Birth-control pills, which are
reasonably safe and very effective (and
may well be sold without a prescription
in the 21st century), provide progestins

We]l before vaccines appear and oth-

alone or in combination with synthetic
estrogen. The injectables and implants
consist of progestins. In all cases, the
approaches serve to block ovulation
and increase the thickness of cervical
mucus so that sperm have difficulty
navigating to the egg.

Within five years, women can expect
to have a doughnut-shaped ring that
will fit in the vagina like a diaphragm
and release a progestin alone or with
estrogen. A typical ring might be kept
in place for three weeks and removed
for one week (to allow for menses). It
would thereby obviate the need to take
a daily pill.

Also in the next few years, the manu-
facturer of Norplant is expected to in-
troduce a second-generation implant
consisting of just two rods that will be
simpler than the original to insert and
remove. In time there will be single-rod
implants and a biodegradable system
that will eventually dissolve in the body
but will be removable, and hence rever-
sible, for a while.

Soon after the year 2000 an intrauter-
ine device (IUD) that releases a proges-
tin and lasts for five years should be

obtainable in the U.S. (It is already avail-
able in some European countries.) Exist-
ing nonhormonal IUDs work for many
years and are quite effective in women
who have been pregnant. But clinical
tests indicate the new device produces
less cramping and blood loss during
menstruation and carries a lower risk
of pelvic inflammatory disease.

Many researchers are giving special
emphasis to developing a pill that could
be taken just once a month, either at the
time menses is expected or on the last
day of a woman’s period (to prevent
pregnancy for the following month). For
certain women, the latter would be most
desirable, because it would prevent
conception rather than induce an early
abortion. Unfortunately, progress on
such pills has been slowed by lack of
detailed knowledge about the mecha-
nisms that stimulate and stop monthly
bleeding.

At some point in her life, a woman is
likely to have unprotected sex. Emer-
gency postcoital contraceptives are al-
ready sold; they are commonly known
as morning-after pills, even though they
can actually be taken two or three days

tury, researchers will probably
refine these techniques and im-
prove their success rates, but
the basic approaches are unlike-
ly to change radically.

In vitro fertilization is most
suitable for women whose fallo-
pian tubes are blocked or whose
inability to conceive is unex-
plained. The many women who
are infertile because of benign,
fibroid tumors in the uterus need
other therapies. At the moment,
troublesome fibroids are usually
reduced by surgery or adminis-
tration of analogues of gonado-
tropin-releasing hormone. Sur-
gery of any kind carries risks,
and hormonal treatment can be
problematic for infertile women,
in part because when the ana-

Over the past decade investigators have markedly ad-
vanced techniques for in vitro fertilization—the pro-
cedure that yielded the first “test tube” baby in 1978. To-
day women can be induced to ovulate many eggs in a sin-
gle menstrual cycle; the eggs can be removed and
injected with sperm or DNA; the embryos can be screened
for genetic defects; and healthy embryos can be implant-
ed in the woman’s womb. In the first third of the 21st cen-

Tomorrow’s Infertility Treatments

MOUSE TESTIS that once made no sperm began
manufacturing it in quantity after precursor
cells from another mouse were implanted near
the periphery. The wash of color in the center is
a sign that the transplanted cells, which were
stained blue, survived and gave rise to sperm.

logues are in use they prevent conception; also, when
treatment stops, the fibroids often return. If scientists can
identify unique proteins on the tumors, they should be
able to design drugs that will home in on those proteins
and cure the tumors simply, without affecting other tis-
sues or causing side effects. Chances are good that such
drugs will become available by the year 2010.

Similar therapies will probably cure endometriosis, the

growth of endometrial cells
(from the lining of the uterus)
outside of the uterus, such as in
and around the fallopian tubes.
The condition causes some in-
fertility and can also lead to se-
vere menstrual cramps.

But it is for men—particularly
those who manufacture no
sperm—that the most dramatic
advances are likely to occur in
the next 30 years. Scientists are
perfecting ways to transplant do-
nated precursors of sperm cells
into the seminiferous tubules of
the testes: the system of tubes in
which sperm are ordinarily made.
Normally, such precursors gen-
erate sperm throughout a man’s
lifetime; presumably the donat-
ed cells would do the same.
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after intercourse. Regular birth-control
pills can also serve as emergency con-
traceptives if taken in the right doses.
Yet all these approaches have unpleas-
ant side effects, such as nausea, and so
research is under way to develop gen-
tler versions. For instance, the French
pill RU 486, which is available in sever-
al nations outside the U.S. and is best
known for terminating confirmed preg-
nancies, has been found to cause rela-
tively little discomfort when taken in a
low dose within 72 hours after unpro-
tected sex.

Sperm Police Could Act Locally

Arather different contraceptive strat-
egy for women will rely on chemi-
cals that directly prevent sperm from
migrating to or fertilizing an egg. These
compounds might be supplied by a vag-
inal ring, for long-term protection, or
might be delivered into the vagina short-
ly before sex in the same way as sper-
micides are administered. They would
differ from spermicides in several ways,
however.

Spermicides are detergents that de-
grade sperm. Regrettably, these deter-
gents can also kill microorganisms that
help to maintain proper acidity in the
vagina. And they can irritate the vaginal
wall, thereby possibly facilitating infec-
tion by viruses and bacteria. The com-
pounds under investigation would not
be detergents; they would act more spe-
cifically, by interfering with selected
events that follow ejaculation. Conse-
quently, they could probably be formu-
lated in ways that would be nonirritat-
ing and would avoid disrupting the vag-
inal flora.

The chemicals could impede any num-
ber of events that follow ejaculation. Af-
ter sperm are deposited in the vagina,
they undergo a variety of changes im-
portant for fertilization. For instance,
cholesterol is removed from the mem-
brane encasing the sperm head; this
step makes the membrane more fluid
and thus enables other molecules to
move to new positions as needed. Later,
with the assistance of progesterone in
the fallopian tubes, specialized channels
in the sperm membrane open, allowing
calcium ions from the environment to
flow in. These ions facilitate the “acro-
some” reaction, which occurs when
sperm first meet the zona pellucida,
the jellylike coat surrounding the outer
membrane of the egg. In the acrosome
reaction the sperm plasma membrane
fuses with that of the acrosome, a sac
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When to Expect New Contraceptives

The dates below are estimates for the U.S.; the timing in other nations will depend
in part on regulatory requirements.

By 2000

= Thinner, stronger
nonlatex condoms

= Hormone-releasing
implants that are easy
to insert and remove
and are effective for

By 2005

= Three-month injectable
androgen with
progestin

= Progestin-releasing
intrauterine device that
works for five years
(already sold in parts of

After 2005

= Contraceptive vaccine
that is effective for a
year (by 2015)

= Injectable agents that
block maturation of
sperm and are effective
for months (by 2015 or
beyond)

= Biodegradable implants
that are effective for
three to five years
(by 2010)

three to five years Europe)

= Hormone-releasing

vaginal ring pills

diseases

of enzymes in the sperm head. Then
the enzymes pour out and carve a path
for sperm through the egg’s coat.
Chemicals being explored for imped-
ing maturation and the acrosome reac-
tion include ones that clog calcium
channels or prevent cholesterol from
leaving the plasma membrane. (These
chemicals are also being eyed for men;
they would be useful if they bound
tightly to sperm in the epididymides
and remained attached during the jour-
ney through the female reproductive
tract.) Rather than preventing matura-
tion of sperm, some researchers are at-
tempting to induce a premature acro-
some reaction—an event that would ren-
der sperm unable to meld with an egg.
Related strategies would inhibit spe-
cific interactions that normally occur
between sperm and the zona pellucida.
For instance, researchers at Duke Uni-
versity Medical Center have developed
a compound that binds to a sperm pro-
tein (zona receptor kinase) at the site
normally reserved for interaction with
a protein in the zona. Attachment of
the compound blocks the enzyme from
acting on the egg’s coat. Additionally,
sperm and seminal fluid carry antioxi-
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= New “morning-after’

= Spermicides that reduce
the risk of acquiring
sexually transmitted

= Contraceptive vaccines
that are effective for a
year (by 2015)

=Vaginal agents that
block the union of
sperm and egg (by
2015 or beyond)

= Possibly once-a-month
pills (beyond 2015)

dant enzymes, which protect the integ-
rity of the sperm membrane. If certain
of these antioxidants were unique to
sperm or to seminal fluid, investigators
would be able to design drugs that in-
activated those particular enzymes but
did not deprive other cells of antioxi-
dant defenses. In some instances, pure,
laboratory-generated antibodies (imono-
clonal antibodies) might take the place
of certain nonbiological chemicals as
the active ingredients in contraceptives
delivered into the vagina.

Combating Sexual Disease

s the incidence of sexually transmit-
ted diseases climbs, it is becoming
increasingly critical to combine contra-
ception with barriers to infection. Such
barriers can be physical (as in male and
female condoms and, to some degree,
the diaphragm) or chemical (as in sper-
micides or the more selective formula-
tions under investigation). To prevent
infection by the AIDS-causing human
immunodeficiency virus or other mi-
crobes, a chemical barrier would, at
minimum, have to coat the entire vagi-
nal wall and cervix, be nonirritating and
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be nontoxic to beneficial microbes in
the vagina. These features alone might
be enough to reduce infection signifi-
cantly, but agents intended to kill harm-
ful microorganisms actively could be
added as well.

Investigators are only now beginning
to evaluate whether existing spermicides
possess the essential features needed
to avoid transmission of sexually trans-
mitted diseases. So far it appears the
formulations do reduce the risk of ac-
quiring at least one sexually transmitted
disease—Chlamydia infection. Within
the next 10 years, spermicides designed
to include disease-preventing proper-
ties will probably be sold. Such spermi-
cides would be of enormous benefit to
female health because they would offer

unobtrusive protection when men fail to
use condoms and when condoms them-
selves fail.

A Time Line

bviously, the contraceptive meth-

ods that are emerging today are the
fruits of research that was initiated
years ago. The only new products that
will be attainable before the year 2000
are nonlatex condoms, vaginal rings
and, possibly, implants for women con-
sisting of one or two hormone-filled
rods that are easier to remove than are
the extant capsules. Within a few years
thereafter, spermicides that reduce the
spread of sexually transmitted diseases
will be a welcome addition, as will the

progestin-releasing intrauterine device.

The next contraceptives to arrive in
the U.S. should be, in order of appear-
ance, new emergency contraceptives
(by 2005), a three-month injectable an-
drogen plus a progestin for men (also
by about 2005), biodegradable implants
for women (by 2010) and immunocon-
traceptives (perhaps by 2015). (Intro-
duction times outside the U.S. will be
influenced by the regulatory require-
ments of each nation.)

Actually, immunocontraceptives and
other technologies in early stages of de-
velopment will reach the market only if
the pharmaceutical and biotechnology
industries take more interest in them.
Most of them are being explored with
seed money from the U.S. government

Further Predictions on Medical Progress
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On April 25, 1995, SCIENTIFIC AMERICAN convened experts
to speculate on the key medical technologies of the 21st
century and the challenges arising from them. ( Transcripts
of that evening’s discussion and of other forums are avail-
able through America Online.) Some excerpts follow:

FRANCIS S. COLLINS, director of the National Cen-
ter for Human Genome Research at the National In-
stitutes of Health and one of the discoverers of the
gene that causes cystic fibrosis:

People are increasingly interested in taking more respon-
sibility for their own medical care and for that of their loved
ones. It is reasonably likely that by the year 2010, when
you reach your 18th birthday you will be able to have your
own report card printed out of your individual risks for fu-
ture disease based on the genes you have inherited. | sus-
pect many people will be interested in that information,
particularly if it is focused on diseases where alterations in
lifestyle and medical surveillance can reduce that risk to a
more manageable level.

In addition to being able to predict risk for disease quite
early, two other consequences of gene discovery will be
rather important. One will be the ability to move early detec-
tion of actual disease to an earlier and earlier stage, particu-
larly for cancer. At the moment, by the time you have a pos-
itive mammogram for breast cancer, you have had that tu-
mor a long time; the chance that the cancer has already
spread is substantial. If we could come up with molecular
probes that highlighted the first few cells when they moved
down the pathway toward cancer, then the probability of
successfully treating that disease would become drastically
better.

Also, there is growing confidence—well justified by re-
search in both academia and the pharmaceutical industry—
that the time is coming when there will be magic bullets to
treat cancer the way we now treat many infectious diseases
with vaccines and antibiotics. Our understanding of onco-
genes and tumor suppressors and of the detailed steps that
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carry a cell from being normal to being malignant is going
to allow us to develop drugs that will make our current
chemotherapy poisons look just as obsolete as arsenic now
is for treating infectious illnesses. And | think that time is
coming potentially within the next 20 to 25 years.

ROBERT E. MCAFEE, then president of the American
Medical Association:

There is going to be a lot of “gadgeteering” in the next 25
years. | think you are going to see a bedside device that will
do 100 different blood tests on a single drop of blood—a
process that now normally takes hours, if not days, to do.
In the vascular surgery field, new therapies will make some
abused arteries whole again, at least for a time.

Unfortunately, at the end of 25 years, death still will not
be optional. We appear to be the only country that looks
upon death as an option, and I'm afraid that isn’t going to
be available to us.

STEVEN A. ROSENBERG, chief of surgery at the Na-
tional Cancer Institute, professor of surgery at the
George Washington University School of Medicine
and editor of The Cancer Journal from Scientific
American:

My crystal ball tells me that an increased understanding
of the immune system and an increased ability to manipu-
late it genetically will have a major impact in the next 10 to
20 years, in at least two ways. The body’s immune system
recognizes invaders as things to destroy. If we can learn to
control such destruction, then the whole problem of defec-
tive organs can be eased profoundly by transplantation of
animal tissues and organs—that is, by xenotransplanation.
Xenotransplantation, an area in which substantial progress
is being made as we sit here, may enable us to get new kid-
neys, new hearts, new livers. Today a major stumbling block
to the development of transplantation as a way to cure in-
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and nonprofit organizations here and
abroad. But those funds, totaling about
$57 million annually (less than a fourth
the cost of developing a single prod-
uct), cannot pay for the extensive trials
of safety and efficacy that are required
for licensing. Such tests require the
backing of private industry—support
that may not become strong until lim-
its on liability are set and a mispercep-
tion that little money can be made from
contraceptives is overcome.

Because no contraceptive is perfect
for everyone, people who want to prac-
tice birth control need a broad array of
choices. In spite of the obstacles, I am
optimistic that today’s ongoing work
will go far toward meeting that need in
the century ahead.

creased numbers of individuals is the low availability of or-
gans. If we can figure out ways to keep animal organs from
being rejected, we may be able to obtain organs from ex-
perimental animals, probably mini-pigs that will be raised
specifically as a source of organs to replace human tissues.

On the other side, of course, is figuring out ways to stim-
ulate the immune system to eliminate foreign invaders and
cancers that we cannot now destroy. During the past de-
cade, we have had the first successful applications of im-
munotherapies for cancer. For certain cancers, we can actu-
ally manipulate the immune system so that the cancers can
be rejected by the body rather than by the application of an
external treatment. As we learn more about the immune
system, this approach to cancer treatment probably is go-
ing to hold the key to major improvements as well.

JOHN F. BEARY lll, senior vice president for regula-
tory and scientific affairs at Pharmaceutical Research
and Manufacturers of America:

Technologies are emerging that should help to address
problems associated with aging and degenerative disorders
such as osteoarthritis. It is possible that we will be able to
grow cartilage again and that knee and hip diseases, which
greatly detract from the quality of life in the later years, can
be dealt with. The chemistry of the bone will be much bet-
ter understood, and, since osteoporosis in women is such a
common problem, that knowledge will have a tremendous
impact on successful aging.

FLORENCE P. HASELTINE, director of the Center for
Population Research at the National Institutes of
Health:

I think we will be able to maintain a tremendous amount
of our mobility as long as we can literally get out of the
house. Right now a wheelchair that gets you around—one
of those mechanisms you see scooting around—costs some
$20,000, which is more than most of our cars cost. But
those chairs will come down in price and be much more
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user-friendly. We are going to see a lot of interaction be-
tween the medical community, the biotech community and
the robotics industry to make something you might call an
intelligent wheelchair—that is, one that will sense where ev-
erything is in the room, sense when we should be eating
and what we should be eating, things like that.

SUSAN J. BLUMENTHAL, deputy assistant secretary
for women’s health, assistant surgeon general and
rear admiral of the U.S. Public Health Service, and
clinical professor of psychiatry at the Georgetown
University School of Medicine:

If we were to walk through a 19th-century graveyard, we
would find that on average Americans died at age 48. In
this century we have extended the life span for Americans
by 30 years. We used to die of acute illness, and among
women, also from childbirth. Today we die of chronic ill-
nesses (such as heart disease, cancer and diabetes) and
also from accidents, homicide and suicide. In more than 50
percent of these leading causes of death, behavioral and
lifestyle factors are paramount: poor diet, lack of exercise,
failure to wear seat belts, guns, substance abuse and smok-
ing. If | were to tell you that we had discovered a new med-
ical intervention that could decrease premature deaths in
this country by one half and could cut chronic disability by
two thirds and acute disability by one third, everyone
would be saying, What is that new technology? What is that
new drug? The truth is, it is low-cost behavioral interven-
tions that can decrease the risk of these illnesses.

| am optimistic that we will, with an investment in behav-
ioral research, be able to develop more precise behavior-
changing strategies for diverse groups of people. These
strategies will hold tremendous promise for decreasing pre-
mature morbidity and mortality in the century to come.

For mammographies, we are still using a 40-year-old
technology to find small lumps in women’s breasts. Medical
imaging is 10 years behind intelligence and defense imag-
ing. Let’s get a peace dividend from our national investment
in defense by applying these technologies to medical pur-
poses, such as improving early detection of diseases.
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Commentary

An Improved

Future?

Medical advances challenge thinking
on living, dying and being human

by Arthur Caplan

future in which technol-

ogy improves the qual-
ity of life. Advances in med-
icine promise healthier lives
through therapy in the womb,
genetic manipulation, con-
struction of artificial organs,
use of designer drugs and ap-
plication of other ingenious
techniques for restoring or-
gan function. Nor is it diffi-
cult to imagine life spans being extended through various
tricks directed at thwarting the assaults of infectious agents
and at eliminating the ailments of modern life.

Despite these rosy prospects for increasing a person’s
chance of being born healthy and living longer, many in the
ethics guild—which is inclined to hand-wringing—wear frowns
today. Tomorrow’s medicine may enable us to live longer, but,
these ethicists ask, will it enable us to live better? They note,
for instance, that prevailing demographic and fiscal trends
foretell little but misery.

They contend that as technology saves and extends lives,
the prospects for our descendants become nastier. Longer
life spans will cause an already struggling planet to be popu-
lated with a bumper crop of doddering elders. As medicine
becomes better at rescuing imperiled lives and extending
mortally threatened ones, the strains on natural resources,
the diversion of economic resources to health care needs and
the likelihood of international as well as intergenerational
conflict should all increase. Plain old human misery will also
rise, as more and more of us make it to our seventies, eight-
ies and nineties, only to greet the arthritis, stroke, Alzheim-
er’s or Parkinson’s disease that our technological arrogance
has in store for us.

The grim scenarios extend further. Some experts argue that
strict rationing of high technology must soon become an un-
fortunate fact of life in economically developed nations. (The
residents of less developed countries exit life more quickly;
consequently, their governments will be spared the harsh de-
cisions about which citizens should be tossed from the col-
lective lifeboat.) Others worry that if the Americans, Swedes,
Germans, Canadians, Norwegians, Italians, Taiwanese and
Japanese keep spending money on health care at the current
rate, the entire gross national products of these nations soon
will be devoted to nothing else. Still others are petrified at

It is not hard to divine a
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the prospect of human beings so greedy for more and more
life that they are willing to rob the purses of their own chil-
dren and grandchildren to pay for this supremely suspect
indulgence.

Admittedly, these forecasts reveal some important dan-
gers of rapid advances in medicine. Yet such concern may
be unwarranted. Medical progress has thus far proved enor-
mously expensive and morally ambivalent, extending life but
often ignoring its quality. Yet the technology of the 21st cen-
tury need not follow this path.

If, as seems likely, medicine moves to diagnosis and treat-
ment of disease at its molecular level, away from the contem-
porary practice of treating overt symptoms and organ fail-
ures, the costs of medical progress might actually decrease.
It is very resource intensive—and thus very expensive—to
transplant a liver from a cadaver to a child whose own organ
is failing because of a congenital disease. Pediatric liver trans-
plants require skilled surgery, long hospitalizations, many
transfusions of blood, perpetual suppression of the patient’s
immune system and extended counseling for the family and
child. Identifying fetuses at risk for congenital liver disease
during pregnancy and then repairing the disorder by gene
therapy should prove considerably cheaper, particularly if
such therapy could be given once, early in life.

Similarly, institutionalizing people who have chronic schi-
zophrenia, severe depression or extreme substance abuse
problems is very expensive. Treatment with designer drugs
made to order for these problems, with microchip implants
that release needed chemicals into the body or perhaps with
virtual-reality therapy, in which patients find relief from their
condition in a computer-generated fantasy world, may well
prove far less costly.

Indeed, if the latest clinical procedures (such as noninva-
sive, highly detailed magnetic resonance imaging of internal
organs) as well as new technologies just beginning to appear
(including genetic diagnostic tests and vaccines for chicken
pox and hepatitis) are any indication, medicine could be
both increasingly economical and less hazardous to patients.
A great deal of cleverness in public policy and a fair amount
of luck will be needed, but we could find ourselves facing a
future in which more of us live longer and in better health
for the vast part of our lives without having to spend outra-
geous sums.

hus, although it is tempting to forecast nothing but fi-
nancial ruin and societal despair in the wake of medical
progress, this tendency ought to be resisted. Still, there are
serious concerns that go beyond the standard problems of
demographics and money. For example, if we can cure men-
tal illness by altering the chemistry of our brains, do we risk
losing our sense of identity in the process? If disease is diag-
nosed and treated most effectively by tinkering with our mol-
ecules, will anyone be capable of, or paid for, talking with pa-
tients? Or will a quick dose of a drug become all we expect
from health care providers? Will society come to think it is
irresponsible to bear children without having a thorough ge-
netic physical first? As we learn more about how genes regu-
late the body’s functions, who will decide whether character-
istics such as short stature, baldness, albinism, deafness, hy-
peractivity or aggressiveness are classified as diseases rather
than merely differences? And on what basis will these dis-
tinctions be made?
The very reductionism to the molecular level that is fuel-
ing the medical revolution also poses the greatest moral chal-
lenge we face. We need to decide to what extent we want to
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design our descendants. In grappling with this issue, we will
come face-to-face with questions about the malleability and
perfectibility of our species; this encounter will make cur-
rent arguments over the relative influence of genetics and
upbringing seem trivial.

Will the degree of philosophical angst be such that we
ought to rein in the speed at which medicine, and especially
gene therapy, proceeds? Is the emerging revolution in medi-
cal technology one that will leave us so befuddled about who
we are and why we are here that we will one day look back
longingly for simpler times when children died of illnesses
such as Tay-Sachs disease, sickle cell anemia and cystic fibro-
sis, and adults were ravaged by cancer, diabetes and heart
disease?

Hardly. If being human means using intelligence to im-
prove the quality of life, there is little basis for ethical
ambivalence or doubt about eliminating genetic scourges,
much as we have done with infectious diseases such as polio
and smallpox. Who would argue that our freedom from those
diseases that devastated past populations has made us feel
less human? Changing our biological blueprints in pursuit of
longer, healthier lives should ideally pose no more of a
threat than does taking impurities out of the water supply to
protect human health.

This logic also extends to the most awe-inspiring option
that will ultimately be available: the genetic modification of
reproductive, or germ, cells. Changes to these cells alter the
DNA of those who receive the therapy as well as the DNA of
their descendants. Germ-cell therapy permanently changes

the human gene pool, but the benefits of forever eliminating
diseases such as spina bifida, anencephaly, hemophilia and
muscular dystrophy would seem to make germ-cell gene
therapy a moral obligation. We have been altering our gene
pool for millennia through wars, selective mating, better diet
and the evolution of medicine. Changing the genes of our
offspring directly through genetic engineering is really a
difference in degree rather than in kind of treatment. Yet we
must guard diligently against misuse of the ability to design
our descendants with careful regulation, legislation and so-
cietal consensus.

History is a funny thing. There is always a tendency to be
nostalgic about times gone by. But the benefits of a longer
life burdened by less disability, dysfunction and impairment
will make the future as attractive as the past. If we can make
that future affordable, if we can enhance the quality of our
lives while controlling population growth, and if we can ac-
cept the idea that it is neither arrogant nor foolhardy to
modify our biological constitution in the hope of preventing
disorder and disease, medical technology could very well
make the future better.

ARTHUR CAPLAN is director of the Center for Bioethics at
the University of Pennsylvania Medical Center and founding
president of the American Association of Bioethics. He re-
ceived his Ph.D. in philosophy in 1979 from Columbia Univer-
sity, where he also studied genetics and evolutionary biology.
Caplan was a member of the Clinton Health Care Task Force
and was recently appointed to the President’s Commission on
the Gulf War Syndrome.
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Buildings that repair
themselves, machines
that fit on the head of a
pin and local factories
that make products to
order are just some
of the possibilities.
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Selt-Assembling

Materials

The smaller, more complex machines of the
future cannot be built with current methods:

they must almost make themselves

by George M. Whitesides

ur world is populated with ma-
O chines, nonliving entities as-

sembled by human beings from
components that humankind has made.
Our automobiles, computers, tele-
phones, toaster ovens and screwdrivers
far outnumber us. Despite this prolifer-
ation, no machine can reproduce itself
without human agency. Yet.

In the 21st century, scientists will in-
troduce a manufacturing strategy based
on machines and materials that virtual-
ly make themselves. Called self-assem-
bly, it is easiest to define by what it is
not. A self-assembling process is one in
which humans are not actively involved,
in which atoms, molecules, aggregates

of molecules and components arrange
themselves into ordered, functioning
entities without human intervention. In
contrast, most current methods of man-
ufacturing involve a considerable degree
of human direction. We, or machines
that we pilot, control many important
elements of fabrication and assembly.
Self-assembly omits the human hand
from the building. People may design
the process, and they may launch it, but
once under way it proceeds according
to its own internal plan, either toward
an energetically stable form or toward
some system whose form and function
are encoded in its parts.

The concept of self-assembly is not

new. It was inspired by nature, where
entities as simple as a raindrop or as
complex as a living cell arise from phys-
ical principles or instructions implicit in
their components [see box on page 148].
And it is already exploited in the man-
ufacture of a number of common prod-
ucts. Most window glass, for example, is
so-called float glass, made by floating
molten glass on a pool of molten met-
al. The metal tends to minimize its sur-
face area by becoming smooth and flat;
consequently, the glass on top becomes
optically smooth and uniformly flat as
well. It is much less expensive to pro-
duce float glass than it is to grind and
polish glass produced by other process-
es, and the quality of the float-glass sur-
face is higher. Similarly, conventional
manufacturing methods cannot specify
the placement of the silicon and dopant
atoms in a semiconductor crystal. The
growth of the crystal from a melt of sil-
icon is dictated by thermodynamic prin-
ciples, not human presumption.

Such examples illustrate the potential
of self-assembly. Those materials were
arrived at almost by accident. In the
next few decades, however, materials
scientists will begin deliberately to de-
sign machines and manufacturing sys-
tems explicitly incorporating the prin-
ciples of self-assembly. The approach
could have many advantages. It would
allow the fabrication of materials with
novel properties. It would eliminate the
error and expense introduced by human

SELF-ASSEMBLING MATERIALS, such as the liposome at the
left, are generating increasing interest. The liposome repre-
sents an early success among these materials: the microscop-
ic capsules are in clinical trials as a drug-delivery system
within the body. Current research focuses on self-assembling
layers built from sausage-shaped molecules. At one end of
each molecule is an atom that interacts strongly with a sur-
face; at the other end, a variety of other atomic groupings.
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These molecules can organize themselves on one surface,
thereby creating at their other end a surface with different
properties. Such monolayers are being used to guide the
growth of living cells, to study wetting, adhesion and fric-
tion, and to form microstructures. Additional layers can be
built onto the monolayer; these self-assembling multilayers
are being explored as coatings to control reflection in devices
that use light in communications.

>

MOLECULE MONOLAYER
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GOLD-COATED SILICON WAFER is often used in studying self-assembled monolayers. In
this experiment the left half was covered with a monolayer having a hydrophobic surface,
the right half with one presenting a hydrophilic surface. Drops of water flattened on the hy-
drophilic side but formed round beads that minimized contact with the surface on the hy-
drophobic side. The behavior shows that the outermost part of the self-assembled mono-
layer controls the wettability of the surface. The same strategy can be used to control ad-
hesion, friction and corrosion.

labor. And the minute machines of the
future envisioned by enthusiasts of so-
called nanotechnology would almost
certainly need to be constructed by self-
assembly methods.

From Materials to Machines

The rational design of self-assem-
bling machines begins with the ra-
tional design of self-assembling materi-
als. The spherical, microscopic capsules
known as liposomes are among the ear-
liest successes. Since the 1960s, bio-
medical researchers have been experi-
menting with liposomes as a vehicle

Copyright 1995 Scientific American, Inc.

for transporting drugs in the body; be-
cause the capsules protect their cargo
from degradation by enzymes, a drug
contained in a liposome envelope can
remain active for longer periods than it
would otherwise.

Liposomes were modeled after cell
membranes, which are among the most
striking examples of self-assembly in
nature. Cell membranes are made most-
ly of molecules called phospholipids
that have a kind of dual personality:
one end of the phospholipid is attracted
to water, and the other end is repelled
by it. When placed in an aqueous envi-

ronment, the molecules spon-
taneously form a double layer,
or bilayer, in which the hydro-
philic ends are in contact with
the water and the hydropho-
bic ends point toward one an-
other. Researchers use these
same phospholipids to make
liposomes. If there are enough
molecules, the phospholipid
bilayer will grow into a sphere
with a cavity large enough to
hold drug molecules. The lipo-
somes are then injected into
the body, and the drugs are
released either by leakage or
when a sphere ruptures. Lipo-
some drug-delivery systems
are currently in clinical trials.

SAMs

GEORGE M. WHITESIDES

he example of nature has

helped to illuminate lipo-
some research, but many in-
vestigations of self-assembling
behavior must start almost
from scratch. A self-assembled
monolayer—affectionately re-
ferred to as SAMs by those
who work with them—is a simple proto-
type that exemplifies the design princi-
ples materials researchers are exploring.
A SAM is a one- to two-nanometer-thick
film of organic molecules that form a
two-dimensional crystal on an adsorb-
ing substrate. The molecules in a SAM
are sausage-shaped, being longer than
they are wide. At one end is an atom or
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CELL PATTERNING reveals the bound-
ary between two different types of self-
assembled monolayers. One side was
designed to promote, the other to pre-
vent, the adhesion of mammalian cells.
The ability to control the attachment of
living cells is being used to understand
how cells interact with man-made sur-
faces and with surfaces that mimic
those in living organisms and to im-
prove the performance of devices that
will be implanted in the body.

group of atoms that interacts strongly
with the surface; at the other, chemists
can affix a variety of atomic groupings,
thereby altering the properties of the
new surface formed by the SAM.

The most extensively studied system
of SAMs is made of molecules called
alkanethiols, long hydrocarbon chains
with a sulfur atom at one terminus. The
sulfur adsorbs well onto a substrate of
gold or silver. When, say, a glass plate
coated with a thin film of gold is dipped
into a solution of alkanethiol, the sulfur
atoms attach to the gold. The distance
between the sulfur atoms adsorbed on

the surface is about the same as the
cross-sectional diameter of the rest of
the molecule (hence the sausage shape),
and the alkanethiols pack together, gen-
erating what is essentially a two-dimen-
sional crystal.

The thickness of this crystal can be
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controlled by varying the length of the
hydrocarbon chain, and the properties
of the crystal’s surface can be modified
with great precision. By attaching differ-
ent terminal groups, for example, the
surface can be made to attract or repel
water, which in turn can affect its adhe-

Two Types of Self-Assembly

Nature abounds with examples of self-assembly. Consider a
raindrop on a leaf. The liquid drop has a smooth, curved
surface of just the kind required for optical lenses. Grinding a
lens of that shape would be a major undertaking. Yet the liquid
assumes this shape spontaneously, because molecules at the in-
terface between liquid and air are less stable than those in the
interior. The laws of thermodynamics require that a raindrop
take the form that maximizes its energetic stability. The smooth,
curved shape does so by minimizing the area of the unstable
surface.

This type of self-assembly, known as thermodynamic self-as-
sembly, works to construct only the simplest structures. Living
organisms, on
the other hand,
represent the ex-
treme in com-
plexity. They, too,
are self-assembling: cells reproduce themselves each time they divide.
Complex molecules inside a cell direct its function. Complex subcompo-
nents help to sustain cells. The construction of a cell’s complexity is bal-
anced thermodynamically by energy-dissipating structures within the
cell and requires complex molecules such as ATP. An embryo, and even-
tually new life, can arise from the union of two cells, whether or not hu-
man beings attend to the development.

The kind of self-assembly embodied by life is called coded self-as-
sembly because instructions for the design of the system are built into
its components. The idea of designing materials with a built-in set of in-
structions that will enable them to mimic the complexity of life is im-
mensely attractive. Researchers are only beginning to understand the
kinds of structures and tasks that could exploit this approach. Coded
self-assembly is truly a concept for the next century.

CHRISTOPH BURKI Tony Stone Images
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EMBRYO exempilifies coded self-assembly.

RAINDROPS on a leaf illustrate thermodynamic
self-assembly.

NEIL HARDING Tony Stone Images
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sion, corrosion and lubrication. If the
alkanethiols are stamped onto the gold
in a particular pattern, they can be used
to investigate the growth of cells on
different organic substrates or to con-
struct diffraction gratings for optical
instruments. In contrast to most proce-
dures for surface modifica-
tion, all these operations are
simple and inexpensive, re-
quiring neither high-vacuum
equipment nor lithography.

Buckytubes

Self—assembly has also
produced tiny graphite
tubes that are among the
smallest electrical “wires”
ever made. These tubes are
called buckytubes, because
they are structurally sim-
ilar to the carbon bucky-
balls named for their re-
semblance to the geodesic
domes of Buckminster Ful-
ler. Buckytubes consist of

several nested, concentric l"l' ':'"}\ § He

cylinders with nanometer- | = k‘\v 1"

scale diameters, and be- :F "~ i

cause they are made of r { VA Ty

graphite—the most thermo- §' % A

dynamically stable form of £/ ¢ L4 A

carbon at atmospheric pres- §| 1 8 —
sure—they tend to form § i, o k WY ¥
under conditions that allow 3 Vil g . T oy
carbon to move toward ther- ey 51 0N J;’{ﬁx_.‘}‘?;f! e

modynamic equilibrium.

In one process, a small
drop of liquid metal is ex-
posed at high temperature
to a carbon source, such as
benzene. The carbon dis-
solves on one face of the
metal droplet and, for rea-
sons no one quite understands, precip-
itates on the other. As it precipitates, it
forms a circular tube of graphite whose
diameter is fixed by the size of the met-
al drop. The tube grows from the drop
continuously as carbon is fed to it. Be-

cause supports holding millions of met-
al drops are simple to prepare, millions
of buckytubes can be grown simultane-
ously in a single reactor. The tubes are
good conductors of electricity; although
it is still not clear how to assemble them
into coherent structures, chemists hope

BUCKYTUBES are among the smallest “wires” ever made. The
electron micrograph shows in cross section the multiple layers
of graphite of which they are composed. These nanometer-
scale tubes are good conductors of electricity and may find use
as dopants that increase conductivity in polymers and improve
the performance of batteries.

to use the tubes as dopants to increase
electrical conductivity in polymers and
other nonconducting materials and
someday to build circuits with them.
Indeed, buckytubes might be part of
a more ambitious approach to self-as-

sembly embodied in what materials re-
searchers call a crystal memory: a self-
assembling, three-dimensional version
of the planar memories that are used in
microelectronic devices today. At pres-
ent, the crystal memory is purely con-
ceptual: not one of its components has
been demonstrated in the
laboratory, even in principle.
But they can be imagined.

The smallest unit of a
crystal memory might be a
silicon chip or some other
semiconducting material
that would be capable of
carrying out a variety of mi-
croelectronic  operations
and that would have em-
bedded in it instructions on
how to behave when acti-
vated by signals from simi-
lar chips. These units would
aggregate spontaneously,
or crystallize, into a single
larger unit, much as a lipo-
some or SAM forms from
smaller components. In
their new configuration, the
chips would stimulate one
another and form electrical
connections; signals from

-\ those connections would
Jf,.{é then trigger the units to be-
"~ gin differentiation, accord-
" By ing to their embedded pro-
gramming, into specialized
roles: input or output units,
switches, memory cells and
SO on.

If such a device seems
improbable, consider that
the process just described
has many precedents in na-
ture; in fact, all forms of
life issue from simple sub-
units communicating among them-
selves. A microelectronic memory de-
vice could someday be able to build it-
self by the crystallization of smaller
parts, thus ushering in a new era in
manufacturing.
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Engineering
Microscopic Machines

Electronic fabrication processes
can produce a data storage device
or a chemical factory on a microchip

by Kaigham J. Gabriel

r I Yhe electronics industry relies on
its ability to double the number
of transistors on a microchip ev-

ery 18 months, a trend that drives the
dramatic revolution in electronics. Man-
ufacturing millions of microscopic ele-
ments in an area no larger than a post-
age stamp has now begun to inspire
technology that reaches beyond the
field that produced the pocket tele-
phone and the personal computer.

Using the materials and processes of
microelectronics, researchers have fash-
ioned microscopic beams, pits, gears,
membranes and even motors that can
be deployed to move atoms or to open
and close valves that pump microliters
of liquid. The size of these mechanical
elements is measured in microns—a
fraction of the width of a human hair.
And like transistors, millions of them
can be fabricated at one time.

In the next 50 years, this structural
engineering of silicon may have as pro-
found an impact on society as did the
miniaturization of electronics in preced-
ing decades. Electronic computing and
memory circuits, as powerful as they
are, do nothing more than switch elec-
trons and route them on their way over
tiny wires. Micromechanical devices will
supply electronic systems with a much
needed window to the physical world,
allowing them to sense and control mo-
tion, light, sound, heat and other physi-
cal forces.

The coupling of mechanical and elec-
tronic systems will produce dramatic
technical advances across diverse scien-
tific and engineering disciplines. Thou-
sands of beams with cross sections of
less than a micron will move tiny elec-
trical scanning heads that will read and
write enough data to store a small li-
brary of information on an area the size

150

of a microchip. Arrays of valves will re-
lease drug dosages into the blood-
stream at precisely timed intervals. In-
ertial guidance systems on a chip will
aid in locating the position of military
combatants and direct munitions pre-
cisely to targets.

Microelectromechanical systems, or
MEMS, is the name given to the practice
of making and combining miniaturized
mechanical and electronic components.
MEMS devices are made using manufac-
turing processes that are similar, and in
some cases identical, to those required
for crafting electronic components.

Surface Micromachining

ne technique, called surface micro-
machining, parallels electronics fab-
rication so closely that it is essentially a
series of steps added to the making of
a microchip. Surface micromachining
acquired its name because the small
mechanical structures are “machined”
onto the surface of a silicon disk, known
as a wafer. The technique relies on pho-
tolithography as well as other staples
of the electronic manufacturing pro-
cess that deposit or etch away small
amounts of material on the chip.
Photolithography creates a pattern on
the surface of a wafer, marking off an
area that is subsequently etched away
to build up micromechanical structures
such as a motor or a freestanding
beam. Manufacturers start by pattern-
ing and etching a hole in a layer of sili-
con dioxide deposited on the wafer. A
gaseous vapor reaction then deposits a
layer of polycrystalline silicon, which
coats both the hole and the remaining
silicon dioxide material. The silicon de-
posited into the hole becomes the base
of the beam, and the same material that
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overlays the silicon dioxide forms the
suspended part of the beam structure.
In the final step, the remaining silicon
dioxide is etched away, leaving the poly-
crystalline silicon beam free and sus-
pended above the surface of the wafer.

Such miniaturized structures exhibit
useful mechanical properties. When
stimulated with an electrical voltage, a
beam with a small mass will vibrate
more rapidly than a heavier device, mak-
ing it a more sensitive detector of mo-
tion, pressure or even chemical proper-
ties. For instance, a beam could adsorb
a certain chemical (adsorption occurs
when thin layers of a molecule adhere
to a surface). As more of the chemical
is adsorbed, the weight of the beam
changes, altering the frequency at which

Copyright 1995 Scientific American, Inc.



it would vibrate when electrically excit-
ed. This chemical sensor could there-
fore operate by detecting such changes
in vibrational frequency. Another type
of sensor that employs beams manu-
factured with surface micromachining
functions on a slightly different princi-
ple. It changes the position of suspend-
ed parallel beams that make up an elec-
trical capacitor—and thus alters the
amount of stored electrical charge—
when an automobile goes through the
rapid deceleration of a crash. Analog
Devices, a Massachusetts-based semi-
conductor concern, manufactures this
acceleration sensor to trigger the release
of an air bag. The company has sold
more than half a million of these sen-
sors to automobile makers over the past

Copyright 1995 Scientific American, Inc.
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MICROMECHANICAL INSTRUMENT consists of a motor and tip. The tip is visible
on the suspended structure in the center of the motor; a similar tip is shown in
close-up at the upper right. One day such motors, which measure 200 microns on a
side (no more than two hair breadths), may maneuver tips to read and write data.

two years [see illustration on page 153].

This air-bag sensor may one day be
looked back on as the microelectrome-
chanical equivalent of the early integrat-
ed electronics chips. The fabrication of
beams and other elements of the mo-
tion sensor on the surface of a silicon
microchip has made it possible to pro-
duce this device on a standard integrat-
ed-circuit fabrication line.

In microelectronics the ability to aug-
ment continually the number of transis-
tors that can be wired together has pro-
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duced truly revolutionary developments:
the microprocessors and memory chips
that made possible small, affordable
computing devices such as the personal
computer. Similarly, the worth of MEMS
may become apparent only when thou-
sands or millions of mechanical struc-
tures are manufactured and integrated
with electronic elements.

The first examples of mass produc-
tion of microelectromechanical devices
have begun to appear—and many oth-
ers are being contemplated in research
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laboratories all over the world. An early
prototype demonstrates how MEMS
may affect the way millions of people
spend their leisure time in front of the
television set. Texas Instruments has
built an electronic display in which the
picture elements, or pixels, that make
up the image are controlled by micro-
electromechanical structures. Each pixel
consists of a 16-micron-wide aluminum
mirror that can reflect pulses of col-
ored light onto a screen. The pixels are
turned off or on when an electric field
causes the mirrors to tilt 10 degrees to
one side or the other. In one direction,
a light beam is reflected onto the screen
to illuminate the pixel. In the other, it
scatters away from the screen, and the
pixel remains dark.

This micromirror display could pro-
ject the images required for a large-
screen television with a high degree of
brightness and resolution of picture de-
tail. The mirrors could compensate for
the inadequacies encountered with oth-
er technologies. Display designers, for
instance, have run into difficulty in mak-
ing liquid-crystal screens large enough
for a wall-size television display.

The future of MEMS can be glimpsed
by examining projects that have been
funded during the past three years un-
der a program sponsored by the U.S.
Department of Defense’s Advanced Re-
search Projects Agency. This research is
directed toward building a number of
prototype microelectromechnical de-
vices and systems that could transform
not only weapons systems but also con-
sumer products.

A team of engineers at the University
of California at Los Angeles and the Cal-
ifornia Institute of Technology wants to
show how MEMS may eventually influ-
ence aerodynamic design. The group
has outlined its ideas for technology
that might replace the relatively large
moving surfaces of a wing—the flaps,
slats and ailerons—that control both
turning and ascent and descent. It plans
to line the surface of a wing with thou-
sands of 150-micron-long plates that,
in their resting position, remain flat on
the wing surface. When an electrical
voltage is applied, the plates rise from
the surface at up to a 90-degree angle.
Thus activated, they can control the
vortices of air that form across select-

TRENDS IN MICROELECTROMECHANICAL SYSTEMS
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ed areas of the wing. Sensors can mon-
itor the currents of air rushing over the
wing and send a signal to adjust the
position of the plates [see “Evolution
of the Commercial Airliner,” by Eugene
E. Covert, page 110].

These movable plates, or actuators,
function similarly to a microscopic ver-
sion of the huge flaps on conventional
aircraft. Fine-tuning the control of the
wing surfaces would enable an airplane
to turn more quickly, stabilize against
turbulence, or burn less fuel because of
greater flying efficiency. The additional
aerodynamic control achieved with this
“smart skin” could lead to radically new
aircraft designs that move beyond the
cylinder-with-wings appearance that
has prevailed for 70 years. Aerospace
engineers might dispense entirely with
flaps, rudders and even the wing sur-
face, called a vertical stabilizer. The air-
craft would become a kind of “flying
wing,” similar to the U.S. Air Force’s
Stealth bomber. An aircraft without a
vertical stabilizer would exhibit greater
maneuverability—a boon for fighter air-
craft and perhaps also one day for high-
speed commmercial airliners that must
be capable of changing direction quick-
ly to avoid collisions.

Miniature Microscopes

he engineering of small machines

and sensors allows new uses for old
ideas. For a decade, scientists have rou-
tinely worked with the scanning probe
microscopes that can manipulate and
form images with individual atoms. The
most well known of these devices is the
scanning tunneling microscope, or STM.

The STM, an invention for which Gerd
Binnig and Heinrich Rohrer of IBM won
the Nobel Prize in Physics in 1986,
caught the attention of micromechani-
cal specialists in the early 1980s. The
fascination of the engineering commu-
nity stems from calculations of how
much information could be stored if
STMs were used to read and write digi-
tal data. A trillion bits of information—
equal to the text of 500 Encyclopaedia
Britannica’s—might fit into a square
centimeter on a chip by deploying an
assembly of multiple STMs.

The STM is a needle-shaped probe,
the tip of which consists of a single
atom. A current that “tunnels” from the
tip to a nearby conductive surface can
move small groups of atoms, either to
create holes or to pile up tiny mounds
on the silicon chip. Holes and mounds
correspond to the zeros and ones re-
quired to store digital data. A sensor,

Copyright 1995 Scientific American, Inc.
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perhaps one constructed from a differ-
ent type of scanning probe microscope,
would “read” the data by detecting
whether a nanometer-size plot of sili-
con represents a zero or one.

Only beams and motors a few mi-
crons in size, and with a commensurate-
ly small mass, will be able to move an
STM quickly and precisely enough to
make terabit (trillion-bit) data storage
on a chip practicable. With MEMS, thou-
sands of STMs could be suspended
from movable beams built on the sur-
face of a chip, each one reading or writ-
ing data in an area of a few square mi-
crons. The storage medium, moreover,
could remain stationary, which would
eliminate the need for today’s spinning-
media disk drives [see illustration on
page 151].

Noel C. MacDonald, an electrical engi-
neering professor at Cornell University,
has taken a step toward fulfilling the vi-
sion of the pocket research library. He
has built an STM-equipped microbeam
that can be moved in either the vertical
and horizontal axes or even at an
oblique angle. The beam hangs on a sus-
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BEAMS that serve as part of an acceleration sensor for triggering air bags ( photo-
graph) are made by first depositing layers of silicon nitride (an insulating materi-
al) and silicon dioxide on the surface of a silicon substrate (a). Holes are litho-
graphically patterned and etched into the silicon dioxide to form anchor points for
the beams (b). A layer of polycrystalline silicon is then deposited (c). Lithography
and etching form the pattern of the beams (d). Finally, the silicon dioxide is etched

away to leave the freestanding beams (e).

pended frame attached to four motors,
each of which measures only 200 mi-
crons (two hair widths) across. These
engines push or pull on each side of the
tip at speeds as high as a million times a
second. MacDonald next plans to build
an array of STMs.

The Personal Spectrometer

he Lilliputian infrastructure afford-

ed by MEMS might let chemists and
biologists perform their experiments
with instruments that fit in the palm of
the hand. Westinghouse Science and
Technology Center is in the process of
reducing to the size of a calculator a
50-pound benchtop spectrometer, used
for measuring the mass of atoms or
molecules. A miniaturized mass spec-
trometer presages an era of inexpen-
sive chemical detectors for do-it-your-
self toxic monitoring.

In the same vein, Richard M. White, a
professor at the University of Califor-
nia at Berkeley, contemplates a chemi-
cal factory on a chip. White has begun
to fashion millimeter-diameter wells in

a silicon chip, each of which holds a dif-
ferent chemical. An electrical voltage
causes liquids or powders to move from
the wells down a series of channels into
a reaction chamber.

These materials are pushed there by
micropumps made of piezoelectric ma-
terials that constrict and then imme-
diately release sections of the channel.
The snakelike undulations create a
pumping motion. Once the chemicals
are in the chamber, a heating plate caus-
es them to react. An outlet channel from
the chamber then pumps out what is
produced in the reaction.

A pocket-calculator-size chemical fac-
tory could thus reconstitute freeze-
dried drugs, perform DNA testing to
detect water-borne pathogens or mix
chemicals that can then be converted
into electrical energy more efficiently
than can conventional batteries. MEMS
gives microelectronics an opening to
the world beyond simply processing
and storing information. Automobiles,
scientific laboratories, televisions, air-
planes and even the home medicine
cabinet will never be the same.
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Intelligent

Materials

Inspired by nature, researchers are creating
substances that can anticipate failure, repair
themselves and adapt to the environment

by Craig A. Rogers

your room or car that emanates
from the doors, floor or ceiling; lad-
ders that alert us when they are over-
burdened and may soon collapse under
the strain; buildings and bridges that re-
inforce themselves during earthquakes

Imagine, for a moment, music in

and seal cracks of their own accord. Like
living beings, these systems would al-
ter their structure, account for damage,
effect repairs and retire—gracefully, one
hopes—when age takes its toll.

Such structures may seem far-fetched.
But, in fact, many researchers have dem-

onstrated the feasibility of such “living”
materials. To animate an otherwise in-
ert substance, modern-day alchemists
enlist a variety of devices: actuators and
motors that behave like muscles; sen-
sors that serve as nerves and memory;
and communications and computation-
al networks that represent the brain
and spinal column. In some respects,
the systems have features that can be
considered superior to biological func-
tions—some substances can be hard
and strong one moment but made to
act like Jell-O the next.

These so-called intelligent materials
systems have substantial advantages
over traditionally engineered constructs.
Henry Petroski, in his book To Engineer
Is Human, perhaps best articulated the
traditional principles. A skilled design-
er always considers the worst-case sce-
nario. As a result, the design contains
large margins of safety, such as numer-
ous reinforcements, redundant subunits,
backup subsystems and added mass.
This approach, of course, demands more
natural resources than are generally re-

PIEZOELECTRIC

=
AMPLIFICATION |
SENSOR SHEE

SYSTEM

TERFENOL-D ROD MAGNET

COILS

RIGID BASE ELECTRODE SUPPORT FLAP

SKIN for robot hands could be made with piezo-
electric polymers, which under pressure induce
a voltage between the electrodes. Such poly-
mers respond delicately enough to read Braille.

ROTOR CONTROL could be accomplished with ac-
tuators that would act as flaps, eliminating the need
for the swash-plate mechanism that controls the
pitch of the entire rotor blade.
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quired and consumes more energy to
produce and maintain a structure. It
also expends more human effort trying
to predict those circumstances under
which an engineered artifact will be
used and abused.

Trying to anticipate the worst case
has a much more serious and obvious
flaw, one we read about in the newspa-
pers and hear about on the evening
news from time to time: that of being
unable to foresee all possible contin-
gencies. Adding insult to injury is the
costly litigation that often ensues.

Intelligent materials systems, in con-
trast, would avoid most of these prob-
lems. Made for a given purpose, they
would also be able to modify their be-
havior under dire circumstances. As an
example, a ladder that is overloaded
with weight could use electrical energy
to stiffen and alert the user of the prob-
lem. The overload response would be
based on the actual life experience of
the ladder, to account for aging or dam-
age. As a result, the ladder would be
able to evaluate its current health; when

S e i A

it could no longer perform even mini-
mal tasks, the ladder would announce
its retirement. In a way, then, the ladder
resembles living bone, which remodels
itself under changing loads. But unlike
bone, which begins to respond within
minutes of an impetus but may take
months to complete its growth, an in-
telligent ladder needs to change in less
than a second.

Muscles for Intelligent Systems

Materials that allow structures such
as ladders to adapt to their envi-
ronment are known as actuators. They
can change shape, stiffness, position,
natural frequency and other mechani-
cal characteristics in response to tem-
perature or electromagnetic fields. The
four most common actuator materials
being used today are shape-memory al-
loys, piezoelectric ceramics, magneto-
strictive materials and electrorheologi-
cal and magnetorheological fluids. Al-
though not one of these categories
stands as the perfect artificial muscle,

each can nonetheless fulfill particular
requirements of many tasks.
Shape-memory alloys are metals that
at a certain temperature revert back to
their original shape after being strained.
In the process of returning to their “re-
membered” shape, the alloys can gen-
erate a large force useful for actuation.
Most prominent among them perhaps
is the family of the nickel-titanium al-
loys developed at the Naval Ordnance
Laboratory (now the Naval Surface
Warfare Center). The material, known
as Nitinol (Ni for nickel, Ti for titanium
and NOL for Naval Ordnance Lab), ex-
hibits substantial resistance to corro-
sion and fatigue and recovers well from
large deformations. Strains that elon-
gate up to 8 percent of the alloy’s length
can be reversed by heating the alloy,
typically with electric current.
Japanese engineers are using Nitinol
in micromanipulators and robotics ac-
tuators to mimic the smooth motions
of human muscles. The controlled force
exerted when the Nitinol recovers its
shape allows these devices to grasp del-
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CONCRETE INFRASTRUCTURE could harbor sen-
sors that look for cracks in the cement and corro-
sion in the steel reinforcing rods. The shape-memo-
ry actuators would counteract strain.
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AIRCRAFT BODY could contain a thin layer of actu-
ators and fiber-optic sensors that compensate for fa-
tigue and keep alert for subtle physical and chemi-
cal changes presaging failure.
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icate paper cups filled with water. Niti-
nol wires embedded in composite ma-
terials have also been used to modify
vibrational characteristics. They do so
by altering the rigidity or state of stress
in the structure, thereby shifting the nat-
ural frequency of the composite. Thus,
the structure would be unlikely to res-
onate with any external vibrations, a
process known to be powerful enough
to bring down a bridge. Experiments
have shown that embedded Nitinol can
apply compensating compression to re-
duce stress in a structure. Other appli-
cations for these actuators include en-
gine mounts and suspensions that con-
trol vibration.

The main drawback of shape-memo-
ry alloys is their slow rate of change.
Because actuation depends on heating
and cooling, they respond only as fast
as the temperature can shift.

A second kind of actuator, one that
addresses the sluggishness of the shape-
memory alloys, is based on piezoelec-
trics. This type of material, discovered
in 1880 by French physicists Pierre and
Jacques Curie, expands and contracts in
response to an applied voltage. Piezo-
electric devices do not exert nearly so
potent a force as shape-memory alloys;
the best of them recover only from less
than 1 percent strain. But they act much
more quickly, in thousandths of a sec-
ond. Hence, they are indispensable for
precise, high-speed actuation. Optical
tracking devices, magnetic heads and
adaptive optical systems for robots, ink-
jet printers and speakers are some ex-
amples of systems that rely on piezo-
electrics. Lead zirconate titanate (PZT)
is the most widely used type.

Recent research has focused on us-
ing PZT actuators to attenuate sound,
dampen structural vibrations and con-
trol stress. At Virginia Polytechnic Insti-
tute and State University, piezoelectric
actuators were used in bonded joints
to resist the tension near locations that
have a high concentration of strain. The
experiments extended the fatigue life
of some components by more than an
order of magnitude.

A third family of actuators is derived
from magnetostrictive materials. This
group is similar to piezoelectrics except
that it responds to magnetic, rather
than electric, fields. The magnetic do-
mains in the substance rotate until they
line up with an external field. In this
way, the domains can expand the mate-
rial. Terfenol-D, which contains the rare
earth element terbium, expands by more
than 0.1 percent. This relatively new
material has been used in low-frequen-
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MAGNETOSTRICTIVE MATERIAL, such as these Terfenol-D rods that are several
centimeters long, changes its length in a magnetic field. Originally developed for mil-
itary sonar, the alloy is finding use in actuators, vibration controllers and sensors.

¢y, high-power sonar transducers, mo-
tors and hydraulic actuators. Like Niti-
nol, Terfenol-D is being investigated for
use in the active damping of vibrations.

The fourth kind of actuator for intelli-
gent systems is made of special liquids
called electrorheological and magneto-
rheological fluids. These substances
contain micron-size particles that form
chains when placed in an electric or
magnetic field, resulting in increases in
apparent viscosity of up to several or-
ders of magnitude in milliseconds [see
“Electrorheological Fluids,” by Thomas
C. Halsey and James E. Martin; SCIEN-
TIFIC AMERICAN, October 1993]. Appli-
cations that have been demonstrated
with these fluids include tunable damp-
ers, vibration-isolation systems, joints
for robotic arms, and frictional devices
such as clutches, brakes and resistance
controls on exercise equipment. Still,
several problems plague these fluids,
such as abrasiveness and chemical in-
stability, and much recent work to im-
prove them is aimed at the magnetic
substances.

Nerves of Glass

roviding the actuators with informa-

tion are the sensors, which describe
the physical state of the materials sys-
tem. Advances in micromachining have
created a wealth of promising electro-
mechanical devices that can serve as
sensors. I will focus on two types that
are well developed now and are the
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most likely to be incorporated in intelli-
gent systems: optical fibers and piezo-
electric materials.

Optical fibers embedded in a “smart”
material can provide data in a couple
of ways. First, they can simply provide
a steady light signal to a sensor; breaks
in the light beam indicate a structural
flaw that has snapped the fiber. The
second, more subtle, approach involves
looking at key characteristics of the
light—intensity, phase, polarization or
a similar feature. The National Aeronau-
tics and Space Administration and oth-
er research centers have used such a fi-
ber-optic system to measure the strain
in composite materials. Fiber-optic sen-
sors can also measure magnetic fields,
deformations, vibrations and accelera-
tion. Resistance to adverse environ-
ments and immunity to electrical or
magnetic noise are among the advan-
tages of optical sensors.

In addition to serving as actuators,
piezoelectric materials make good sen-
sors. Piezoelectric polymers, such as
polyvinylidene fluoride (PVDF), are
commonly exploited for sensing be-
cause they can be formed in thin films
and bonded to many kinds of surfaces.
The sensitivity of PVDF films to pres-
sure has proved suitable for sensors tac-
tile enough to read Braille and to distin-
guish grades of sandpaper. Ultrathin
PVDF films, perhaps 200 to 300 microns
thick, have been proposed for use in
robotics. Such a sensor might replicate
the capabilities of human skin, detect-
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ing temperature and geometric features
such as edges and corners or distin-
guishing between different fabrics.

Actuators and sensors are crucial el-
ements in an intelligent materials sys-
tem, but the essence of this new design
philosophy rests in the manifestation
of the most critical of life functions, in-
telligence. The exact degree of intelli-
gence—the extent to which the materi-
al should be smart or merely adaptive—
is debatable. At minimum, there must
be an ability to learn about the environ-
ment and live within it.

The thinking features that the intelli-
gent materials community is trying to
create have constraints that the engi-
neering world has never experienced
before. Specifically, the tremendous
number of sensors, actuators and their
associated power sources would argue
against feeding all these devices into a
central processor. Instead designers
have taken clues from nature. Neurons
are not nearly so fast as modern-day
silicon chips, but they can nonetheless
perform complex tasks with amazing
speed because they are networked
efficiently.

The key appears to be a hierarchical
architecture. Signal processing and the
resulting action can take place at levels
below and far removed from the brain.
The reflex of moving your hand away
from a hot stove, for example, is orga-
nized entirely within the spinal cord.
Less automatic behaviors are organized
by successively higher centers within
the brain. Besides being efficient, such
an organization is fault-tolerant: unless
there is some underlying organic rea-
son, we rarely experience a burning
sensation when holding an iced drink.

The brains behind an intelligent ma-
terials system follow a similar organiza-
tion. In fact, investigators take their cue
from research into artificial life, an out-
growth of the cybernetics field. Among
the trendiest control concepts is the ar-
tificial neural network, which is comput-
er programming that mimics the func-
tions of real neurons. Such software can
learn, change in response to contingen-
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cies, anticipate needs and correct mis-
takes—more than adequate functions
for intelligent materials systems. Ulti-
mately, computational hardware and
the processing algorithms will determine
how complex these systems can be-
come—that is, how many sensors and
actuators we can use.

Brains over Brawn

E ngineers are incorporating intelli-
gent materials systems into several
areas. NASA uses electroactive materi-
als crafted by researchers at Pennsyl-
vania State University to modify the op-
tics of the Hubble Space Telescope.

Perhaps the most mature application
at the moment is the control of acous-
tics. The objective is to reduce sound,
be it noise inside an aircraft fuselage
shaken by engines or the acoustic sig-
nature of a submarine. One way to con-
trol noise, of course, is to use brute
force. Simply add enough mass to stop
the structure from vibrating. In con-
trast, the intelligent materials approach
is to sense the structural oscillations
that are radiating the noise and use the
actuators distributed throughout the
structure to control the most obnoxious
vibrations. This concept is the founda-
tion for sound-cancellation headphones
used by pilots (and now available
through airline gift catalogues), and full
systems are being tested on turboprop
commuter aircraft.

How far can engineers take intelligent
materials? The future lies in developing
a system that can behave in more com-
plex ways. For instance, intelligent struc-
tures now being demonstrated come
with many more sensors than are need-
ed by any one application.

A prospective design might rely on
an adaptive architecture in which the
sensors can be connected to create the
specific system desired. Moreover, the
design would be highly flexible. If a
particular sensor fails, the adaptive ar-
chitecture would be able to replace the
failed sensor with the next best alter-
native and reconfigure the interconnec-

tions and the control algorithm to ac-
commodate this change.

This level of sophistication would
clearly tax the manufacturing process.
Large arrays of sensors, actuators, pow-
er sources and control processors will
most likely require three-dimensional
interconnections. Such complexity could
easily render a smart structure too ex-
pensive to build. One solution to form-
ing complex features cheaply is to rely
on techniques of computer-chip mak-
ers: photolithography. The process, akin
to photocopying, can in principle mass-
produce components for fractions of a
cent per device. A sensor network might
therefore resemble the detail of a sili-
con microchip.

A New Way of Engineering

Intelligent systems may not only initi-
ate a materials revolution but may
also lead to the next step in our under-
standing of complex physical phenom-
ena. In many ways, they are the ideal
recording devices. They can sense their
environments, store detailed informa-
tion about the state of the material over
time and “experiment” on the phenom-
ena by changing properties.

The most lasting influence, however,
will be on the philosophy of design. En-
gineers will not have to add mass and
cost to ensure safety. They will learn
not from the autopsies performed on
structures that have failed but from the
actual experiences of the edifice. We will
soon have the chance to ask structures
how they feel, where they hurt, if they
have been abused recently. They might
even be able to identify the abuser.

Will smart materials systems elimi-
nate all catastrophic failures? Not any
more than trees will stop falling in hur-
ricane winds or birds will no longer
tumble when they hit glass windows.
But intelligent materials systems will
enable inanimate objects to become
more natural and lifelike. They will be
manifestations of the next engineering
revolution—the dawn of a new materi-
als age.
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Advanced Composites

fter they first appeared in the 1960s, advanced compos-
ite materials promised a brave new—not to mention
light and durable—future. Engineers envisioned buoyant
aircraft and automobile bodies that would consume less
fuel because they were lighter than traditional vehicles. Al-
though composites have for the most part found their way
only into parts in airplanes and automobiles and into sport-
ing equipment, it now looks as though the new class of
substance may find its place in a different realm entirely:
construction.

The complexity of these materials has a lot to do with
their limited appearance in the everyday world. The sub-
stances are made of fibers spun from carbon, glass and
other materials, which are then fused into a matrix of plas-
tic, ceramic or metal. “They are sophisticated combina-
tions,” explains engineer Dick J. Wilkins of the University of
Delaware. That intricacy makes mass manufacturing prob-
lematic, which has kept their cost high in comparison to the
price of wood and metal. “Right now the economics isn’t
there,” Wilkins notes. “You have to have an application that
has a high volume.”

That application, the composites industry hopes, lies in
infrastructure. “In the next five years, there will be much
higher use of composites in construction,” predicts civil en-
gineer Hota V. S. GangaRao of West Virginia University. He
says the materials will initially replace the steel used in re-
inforcing bars placed in concrete. Composites, which now
cost $1.50 to $2.00 a pound, could drop to about $1.20; al-
though this price is several times the 20 to 40 cents per
pound of steel, GangaRao calculates, it is still competitive
because composites are one fifth the weight of the metal.
Eventually, entire structures will be made from them: a few
all-composite buildings have already been erected, and
plans for bridges are on the drawing boards.

Composites could also be used to repair existing defects.
Doug Barnow of the Composites Institute, a trade associa-
tion based in New York City, points out that the materials
patched a severe crack in a bridge along Interstate 95 in
Boca Raton, Fla., at a fraction of the cost needed to replace
the bridge (the initially planned solution). Composites
might also replace some of the thousands of timber piles
around New York City’s waterfront, where harbor cleanup

Custom Manufacturing

here can a cross-country bicyclist find a spare de-
railleur gear for an Italian bicycle when it breaks down
in a small town in Nevada? Ten years or so from now the
answer may reside on the floppy disk carried in the rider’s

OIL PUMP MODEL was built with stereolithography, a technique for
building up structures layer by layer with a laser.
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backpack. In coming decades, a spare part for a bicycle, au-
tomobile or an array of other consumer goods may be sim-
ply “printed” from a computer design file at the corner fac-
tory, the futuristic equivalent of the all-night copy shop.

In the case of the gear, a machine tool might re-
ceive from a file on the disk a geometric description
of the broken part. The program could then tell the
tool how to deposit a thin layer of structural materi-
al by spraying droplets of liquid metal or by direct-
ing the energy of a laser onto a bed of metal pow-
der. Subsequent layers deposited in this manner
would fuse together, gradually building up a com-
plete derailleur gear.

This approach to manufacturing has its begin-
nings in a suite of technologies collectively known as
rapid prototyping. Today stereolithography, shape
deposition, laser sintering and other related tech-
nologies can construct full-scale models for testing
designs or can help build a tool for making a part. In
years to come, improvements to such processes—
and an expected decline in equipment costs—may al-
low them to be used to manufacture finished parts
directly or even to fashion new materials [see “Intel-
ligent Materials,” by Craig A. Rogers, page 154].

As they mature, these techniques may also intro-
duce an unprecedented degree of product custom-
ization—a machine that could make a bicycle gear
one day might make an automobile carburetor the
next. This ability to reduce information about an in-
dividual’s needs to a series of printable computer
files is part of a bigger shift away from mass pro-
duction of a standardized product, as pioneered by
auto magnate Henry Ford. Postindustrial manufac-
turing is evolving toward an era of mass customiza-
tion: production of substantial quantities of person-
alized goods. Funding to study this emerging trend—

BOB SACHA
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has been so effective that shipworms and other marine bor-
ers are now thriving and digesting the wooden structures.

Further inroads may simply depend on better education.
“People graduating with engineering degrees are intimidated
and don’t know how to use [composites],” Wilkins insists.
The materials are strong only in the directions in which the
fibers run. As a result, they demand more care in design than
do, say, metals, which often provide strength in all direc-
tions. Unanticipated alterations in load could prove catas-
trophic for composites. For instance, one speculation about
why the carbon-fiber hull of America’s Cup racing yacht con-
tender oneAustralia snapped was that the crew had extend-
ed a sail line to an alternative winch, changing the load on
the hull.

Techniques to recycle discarded composite parts have
steadily improved in the past several years, another emerg-
ing advantage for the materials. At least three different pro-
cesses have been developed that can separate fibers from
resin, Barnow notes, and that ability makes other applications
more likely. With more experience and widespread use, engi-
neers should be able to do a lot of good with composites. Af-
ter all, as Wilkins observes, “the world is not the same stiff-
ness in all directions.” —The Editors

known as agile manufacturing—has come from the Depart-
ment of Defense. The military is increasingly relying on
commercial manufacturers rather than on defense contrac-
tors for its needs.

An example of agile manufacturing can already be found
in the computer industry. A customer can order a computer
over the telephone while choosing from a variety of micro-
processors, memory chips, hard disks and monitors. Even
more traditional industries, such as those making valves or
electrical switching equipment, have begun to follow suit.

Customized fabrication, however, would require more
than a trip to the corner factory. Manufacturers need to
make more than just the odd bicycle gear. For large-scale
fabrication, communications networks may link suppliers
to an automobile or blue-jeans maker so that they can fill
orders speedily. Networks may also connect customers and
factories more closely. A postmillennial Gap store might be
equipped with optical scanners that take waist, hip, length
and other measurements, send them over a network and
have the custom-tailored pants delivered within a matter of
days. Clothing stores have begun to experiment with such
tailoring, taking the measurements manually. Flexible man-
ufacturing systems—those that let a line of machines be re-
tooled rapidly to make a new type of part or finished good—
could enable a factory to respond quickly to changes in de-
mand or to special orders.

A manufacturer must listen not only to customers but
also to the competition. Here again, rapid prototyping tech-
nology may help. The ability to reproduce a part expedi-
tiously might make it easier to answer the question of how
competitors made a product. Computed tomographic im-
ages, sometimes superior in resolution to those taken of a
patient’s heart or brain, already offer General Motors, say,
the hypothetical possibility of making a three-dimensional
record of a Ford engine block and then building an exact
plastic replica using stereolithography—a form of fast pro-
totyping that employs a laser to build up structures made

Copyright 1995 Scientific American, Inc.
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AW, HULL: the yacht oneAustralia, made of composite ma-
terials, broke up during an America’s Cup race earlier this
year. Composites can be sensitive to unanticipated changes
in load, making them hard to incorporate into designs.

from polymers. This type of reverse engineering may be-
come more common for manufacturing companies as equip-
ment prices fall.

Three-dimensional xerography could also be used for
more altruistic purposes. A portable CT scanner might let
an image of a damaged bone in a leg be scanned in an am-
bulance. In the hospital, surgeons would use the model of
the bone to plan and perform surgery. Then, while the pa-
tient remained in the surgical suite, a prosthesis could be
produced and fitted to a limb. The University of Dayton, in
fact, has begun to develop a rapid prototyping process for
manufacturing ceramic composites, which may be adapted
to making prosthetics.

Rapid prototyping techniques can further permit a mate-
rial to be combined with electronics in unique shapes—the
contours of a human cranium, for instance. A technique
called shape deposition, which is being explored at Carne-
gie Mellon and Stanford universities, allows plastics, metal
or ceramics to surround microchips and the wires connect-
ing them. The researchers have employed methods that can
be used to build wearable computers—they may eventually
construct a helmet or hard hat equipped with a working mi-
crochip. This chip could store all the information contained
in a repair manual; the data can be relayed by an infrared
link or a wire to an image projected on a small screen in one
lens of a pair of glasses. The helmet could also contain mi-
croscopic sensors that ascertain geographic coordinates to
within a few feet, useful for hikers or foresters.

Eventually, technology and newfangled management
ideas may be combined. “Smart” clothing, for example, may
lend itself to agile manufacturing. On a Monday an apparel
maker might make shirts that contain sensors to detect the
presence of chemical weapons on the battlefield. The next
day the same manufacturing line could turn out a garment
that dispenses measured quantities of deodorant when sen-
sors in a blouse detect a certain level of perspiration. The
true agile manufacturer should be able to handle either
sweat or sarin. —The Editors
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High-Temperature

Superconductors

They conduct current without resistance more

cheaply than conventional superconductors can
and are slowly finding their way to widespread use

by Paul C. W. Chu

ature, it would seem, likes to fol-
‘ \ , low the path of least resistance,
be it for heat to transfer, water
to flow or a car to travel. If we can fol-
low this path when making and using
devices, we can save energy and effort,
reduce environmental degradation and,
in the long run, improve our standard
of living. Unfortunately, nature does
not readily reveal the path of least re-
sistance. And it may exist only under
certain stringent conditions.

A case in point is the path of zero re-
sistance—superconductivity, the ability
to conduct electricity without resis-
tance. Superconductivity was first dis-
covered in 1911, when Dutch physicist
Heike Kamerlingh Onnes chilled mer-

cury with liquid helium to four degrees
above absolute zero, or four kelvins (a
room temperature of 25 degrees Celsius
equals 298 kelvins). At that tempera-
ture, Onnes observed, mercury would
suddenly transmit electricity without
loss. Other metals and alloys have since
been found to superconduct if cooled
to low enough temperatures, most of
them to below about 23 kelvins. Such
frigid readings—colder than the surface
of Pluto—can be reached only with rare
gases such as liquefied helium or state-
of-the-art refrigeration systems. Despite
these conditions, the phenomenon has
spawned several technologies—magnet-
ic resonance imaging (MRI) machines,
particle accelerators and geological sen-

sors for oil prospecting, among others.

Superconductivity is poised to make
an even greater impact on society in the
next century, however, thanks to a dis-
covery in the late 1980s. K. Alexander
Miiller and J. Georg Bednorz of the IBM
Research Laboratory in Zurich observed
that a ceramiclike substance known as
lanthanum barium copper oxide began
superconducting at a then record high
of 35 kelvins. More dramatic news fol-
lowed shortly thereafter: in early 1987
Maw-Kuen Wu, then at the University of
Alabama at Huntsville, and I, together
with our co-workers, demonstrated su-
perconductivity at 93 kelvins in yttrium
barium copper oxide, or YBCO for short.
At that temperature, YBCO would be-
come superconducting in a bath of lig-
uid nitrogen, which, unlike liquid heli-
um, is abundant and cheap.

That work sparked a flurry of activity
as researchers sought other supercon-
ducting cuprates, as these copper oxide
compounds are called. Indeed, physi-
cists have discovered more than 100
superconductors with critical tempera-
tures that exceed those of the best con-
ventional superconductors. (This fact
prompted some theorists to plead,
“Stop discovering more new ones be-
fore we understand what we have!”)

The novel materials raised many
questions, perhaps foremost among
them: Can superconductors follow in
the footsteps of their cousins, the semi-
conductors, and dramatically change our
lives for the better? A qualified “yes” is
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not overly optimistic, because supercon-
ductors can touch every aspect of our
existence that involves electricity. Super-
conducting trains, nearly perfect, large
energy storage systems and ultrafast
computers are not realistic goals at the
moment, but plenty of other applica-
tions are, in principle, possible soon:
efficient generation, transmission and
storage of electricity; detection of elec-
tromagnetic signals too small to be
sensed by conventional means; protec-
tion of electrical grids from power surg-
es, sags and outages; and the develop-
ment of faster and more compact cel-
lular communications technology.

A Troublesome Material

Ithough they may sound rather mun-
dane, these potential uses are in a
way almost too good to be true, consid-
ering the myriad hurdles that became
apparent shortly after the discovery of
the cuprates. One of the biggest was
that cuprates carried only a limited
amount of electricity without resistance,
a problem stemming from the position-
ing of the layers that made up the ma-
terials. If the layers did not line up prop-
erly, electrons would bump into the
boundary in the misaligned region and
slow down. Magnetic fields further ex-
acerbated the situation, as they could
easily penetrate this misaligned region
and disrupt the free flow of current. In
fact, even a perfectly aligned material
can fall victim to this intrusion if the

KEPT IN SUSPENSE: a magnet floats
above a superconductor cooled with
liquid nitrogen, which repels all ex-

ternal magnetic fields.
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magnetic field is extremely
strong.

Researchers found one
way around these hindranc-
es: lay down micron-thin lay-
ers of the material on well-
organized substrates. The
process had the effect of lin-
ing up the superconducting
layers more accurately. Al-
though thin films do not car-
ry tremendous amounts of
current, many organizations
have begun marketing in-
struments based on them.
Du Pont, the Massachusetts
Institute of Technology’s Lin-
coln Laboratory, Conductus,
Illinois Superconductor, and
Superconductor Technologies
Incorporated (STI) are all
making devices that operate
in the microwave frequen-
cies for military instruments
and cellular telephone sys-
tems. The superconducting
films provide greater signal
strength and process signals
more efficiently in a smaller
package than can ordinary
conductors. Conductus and
IBM are also making magnet-
ic-field sensors known as su-
perconducting quantum in-
terference devices, or SQUIDs
[see “SQUIDs,” by John
Clarke; SCIENTIFIC AMERICAN,
August 1994]. These devices
perform as well at the liquid
nitrogen temperature of 77
kelvins as do conventional
SQUIDs operating at 4.2 kel-
vins. Conductus currently
sells models for educational
and research purposes.

While some investigators traveled the
thin-film route, others tackled the in-
tractable problem of limited current ca-
pacity and intrusive magnetic fields
head-on, in the hopes of having wires
and motors and other “bulk” applica-
tions. They devised many ways to sur-
mount the obstacles. For instance, care-
ful processing that aligned the layers
of the cuprates boosted the current ca-
pacity. Investigators also sought to in-
troduce structural defects into selected
parts of the superconductor, which
would act to “pin down” magnetic fields
and limit their disruptive tendency.

Such modifications have produced re-
markable results. The maximum current
density YBCO can carry is now one mil-
lion amperes per square centimeter at
77 kelvins, dropping only to 400,000

BORIS STAROSTA
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HIGHWAYS FOR ELECTRONS are located between
planes of copper and oxygen atoms, as shown in
this representation of a mercury barium calcium
copper oxide, which loses its electrical resistance
at 134 kelvins—among the highest of the high-tem-
perature superconductors.

amperes when a magnetic field of nine
teslas is applied. Both values are much
higher than initial results, when YBCO
could carry only 10 amperes per square
centimeter and lost all conductivity in
only a 0.01-tesla field. In many respects,
the current capacity now obtainable is
comparable to those of conventional
superconductors. When cooled to iden-
tical temperatures and placed in high
fields, the cuprates in some ways out-
perform their low-temperature cousins.

Still, bulk applications faced another
hurdle. The cuprates are essentially ce-
ramics, which are brittle and difficult to
form into wires. Through new process-
ing techniques and materials selection,
researchers have managed to coax flex-
ible wires out of the breakable sub-
stance. They pack a precursor powder
into a silver tube that is rolled and
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pressed into wires. Subsequent baking
converts the powder into a bismuth-
based cuprate. Short samples can carry
200,000 amperes per square centime-
ter at 4.2 kelvins (about 200 times the
amount copper can usually handle) and
35,000 amperes at 77 kel-
vins. American Supercon-
ductor can now routinely
spin out kilometer-long
lengths of wire. By using
ion beams, physicists at
Los Alamos National Lab-
oratory recently produced
samples of flexible YBCO
tape that can resist mag-
netic fields much better
than bismuth wires do.
Several devices demon-
strating the feasibility of
bulk applications have
been constructed. Inter-
magnetics General and the
Texas Center for Super-
conductivity at the Univer-
sity of Houston have built
different types of cuprate
magnets that can generate
up to two teslas, about
five times the field provid-
ed by the best permanent
magnet. Reliance Electric
will use American Super-
conductor’s wire to pro-
duce a five-horsepower
motor. These and other in-
stitutions have also craft-
ed flywheels to store ener-
gy and fault-current lim-
iters to shunt electrical
surges from equipment.
Although some of these
devices have analogues
among ordinary conductors, as super-
conducting devices they should perform
with greater efficiency and capacity.

Prototypes to Market?

redicting the future is always a bit
hazardous, even more so in the ab-
sence of an adequate present. Never-
theless, I will venture a few prognosti-
cations about the impact of high-tem-
perature superconductivity on our lives
in the next 10 to 30 years, based on the
developments of the past nine years.
Many of the demonstration devices
now being built will become ubiqui-
tous, as manufacturing and processing
become more refined and performance
improves. SQUIDs, which can detect the
weak magnetic signals from the heart
and brain, will become a common tool
for the noninvasive diagnosis of diseas-
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es. Tests have shown that these sensors
can pinpoint the areas of the brain re-
sponsible for focal epilepsy. SQUIDs will
also become standard issue in nonde-
structive testing of infrastructure such
as oil pipes and bridges, because fa-

SQUID, or superconducting quantum interference device, serves
as a highly sensitive detector of magnetic fields. This one, only
30 microns across, contains two Josephson junctions (not visible)
lying just above the horizontal strip that runs across the image.

tigued metal produces a unique mag-
netic signature. The advantages of lig-
uid nitrogen should render these detec-
tors more widely used in all areas of
scientific investigation.

MRI devices will probably become
smaller and more efficient. More sensi-
tive superconducting amplifiers and
coil detectors will mean that the mag-
netic field required for imaging can be
weaker, which would result in a smaller
and cheaper machine. The greater sen-
sitivity will lead to faster signal process-
ing, hence greatly lowering the present
cost of operating the machine.

Less visible but important economi-
cally, high-temperature superconduc-
tors will work their way into microwave
communications systems, acting as fil-
ters and antennas. They will prove in-
dispensable in boosting the capacity of
cellular telephone base stations by a fac-
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tor of three to 10. They will also be com-
mon equipment in military aircraft to
filter out extraneous radar signals that
could confuse the onboard computers.

Highly populated areas may see old
underground power cables replaced
with superconducting lines
to meet the increasing de-
mand for electricity. Such
transmission lines may
also reduce electric rates—
about 15 percent of the bill
stems from loss caused by
electrical resistance. Power
stations will rely on the
materials for current lim-
iters, providing more sta-
ble voltages for a comput-
er-dependent society.

Energy storage is also a
strong possibility. Super-
conducting magnetic ener-
gy storage (SMES) devices
may become widespread.
Essentially, a superconduct-
ing coil would be charged
and then wound into a cir-
cle. The current will theo-
retically flow without loss.
When the electricity is
needed, the coil is snapped
back into the main grid,
providing a boost of elec-
tricity. Prototype SMES de-
vices, using low-tempera-
ture superconductors, are
now being tested. Ad-
vanced flywheels, which
would be supported by
frictionless superconduct-
ing bearings and would
spin continuously until
tapped for their energy,
would serve a similar purpose.

The cuprates may also prove econom-
ically feasible in equipment for space
exploration. Away from the direct rays
of the sun, the temperatures in space
are below that needed to sustain super-
conductivity for many of these materi-
als. With that realization in mind, the
National Aeronautics and Space Admin-
istration has funded the development
of prototype sensing and electrome-
chanical devices for spaceship use.

Some researchers are exploring even
more remote applications, specifically
in computer technology. One is to make
Josephson junction circuits. A Joseph-
son junction, crafted by sandwiching a
thin insulating barrier between two su-
perconducting layers, can be made to
turn on and off rapidly with low power.
The junctions could replace the circuits
in computers and in theory boost the

DAVID SCHARF
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speed of computation by up to 50 times.
Technical obstacles, however, have pre-
vented significant progress toward an
all-superconducting computer. A hybrid
system may be viable. The key problems
here are making reliable superconduct-
ing circuits and designing
appropriate interfaces be-
tween superconductors
and semiconductors, not
to mention fighting off
the competition from the
ever improving field of
semiconductors.

Superconducting Secrets

Even greater technolog-
ical change may rely
on advances in basic re-
search of the supercon-
ductors. The complexity of
the material has made the
mechanism behind high-
temperature superconduc-
tivity impervious to prob-
ing. The traditional theory
of superconductivity states
that vibrations of the solid
cause electrons, which or-
dinarily repel one another,
to form pairs. These pairs
can then race along with-
out resistance.

This conception, howev-
er, appears inadequate for
cuprates. The high transi-
tion temperature means
that the solid would have
to shake so much that the
lattice structure of the
compound would not be
stable enough for electron
pairs to form. Something else must be
matching up the electrons. One clue lies
in the normal (that is, nonsuperconduct-
ing) state. Here the materials show un-
usual electric and magnetic properties
that defy prevailing wisdom. Many ex-
periments are being conducted to nar-
row the field of theories. I suspect that

many mechanisms are acting together
to produce superconductivity in cu-
prates and that they will be elucidated
within the next 10 years.

Once the materials are understood,
even higher transition temperatures may

SUPERCONDUCTING WIRE cut laterally reveals filaments four mi-
crons thick that are packed into hexagonal patterns. This design,
used by American Superconductor, helps to make the brittle ce-
ramic bendable and strong.

be reached. The confirmed mark for a
substance under normal conditions is
134 kelvins, first observed in 1993 by
Andreas Schilling and his colleagues at
the Swiss Federal Institute of Technolo-
gy in Zurich in mercury barium calcium
copper oxide. By squeezing the com-
pound, Dave Mao of Geophysical Lab

and I, along with our co-workers, raised
the critical temperature to 164 kelvins.
Such a temperature, equal to -109 de-
grees Celsius, is attainable with technol-
ogy used in household air-conditioning.

In fact, a room-temperature super-
conductor may be found;
most theories do not ex-
clude the possibility. Spo-
radic but irreproducible re-
sults have appeared sug-
gesting superconductivity
as high as 250 kelvins (-23
degrees C). A room-tem-
perature superconductor
would surely initiate an-
other industrial revolution.
Although the pace of im-
provement has made work-
ers optimistic, the existence
of a technology alone does
not guarantee it a major
position in a market-orient-
ed society. The cost-bene-
fit factor dictates the out-
come. Hence, the challenge
is to reduce the price to
process the material, fabri-
cate the device and imple-
ment the technology.

During the past nine
years, scientists have made
the normal abnormal by
discovering high-tempera-
ture superconductors. Then
they have made the abnor-
mal normal by unraveling
some mysteries of the phe-
nomenon. Now they are
trying to make the normal
practical by demonstrating
the technical feasibility of
the effect. Although unfore-
seen applications are certain to arise—
no one predicted that MRI technology
would emerge from superconductors—
the high-temperature wonderland will
most likely consist of subtle yet econ-
omically profound changes, a conver-
sion of esoteric technology into instru-
ments we can rely on every day.

AMERICAN SUPERCONDUCTOR
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Commentary

Robotics in the
21st Century

Automatons may soon find work
as subservient household help

by Joseph F. Engelberger

ince Unimation, Inc., in-
S stalled the first indus-
trial robot in 1961 to
unload parts from a die-cast-
ing operation, more than
500,000 similar constructs
have gone to work in facto-
ries around the world. They
are common sights in chemi-
cal processing plants, auto-
mobile assembly lines and
electronics manufacturing fa-
cilities, replacing human labor in repetitive and possibly
dangerous operations. But how will robotics evolve in the
immediate decades ahead? Can it move from the industrial
setting to serve people in their daily lives?

In his story “There Will Come Soft Rains,” Ray Bradbury
forecast that our homes would become enveloping automa-
ton systems that could outlast the human inhabitants. Isaac
Asimov came to different conclusions. In his robot novels,
Asimov envisioned stand-alone robots that would serve and
mingle with humans to our everlasting mutual benefit. The
answer can be gleaned from real-world experience coupled
with the speculations of these two science-fiction giants.

Finding first for Bradbury, we already have the Smart House
project, an (expensive) option for home buyers in which a
central computer optimizes heat, light, air conditioning and
security. Add automatic control of communications, enter-
tainment, data seeking and shopping in cyberspace, and
seemingly much of Bradbury’s conjecture is justified.

But not completely. Bradbury’s house went further, offer-
ing automated cooking, cleaning and personal hygiene. A slew
of little robot mice, for instance, would dart out from the
baseboards throughout the house to pick up dirt. Human oc-
cupants literally did not have to lift a finger.

Such physical intervention, however, is where Bradbury’s
vision loses some credibility. Although we already have au-
tomation in washing machines, dishwashers, coffeemakers
and so forth, these devices are loaded manually, with human
hands. Robotic mice that do away with dust might be techni-
cally feasible at great cost, but it seems more practical to push
around a vacuum cleaner every so often.

In that regard, I think Asimov’s scenario becomes more like-
ly. Rather than a specialized device, a household robot would
be a stand-alone automaton. It would do the chores just as

we do, using the same equipment and similar tools and re-
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sponding to spoken commands and supplying verbal reports.

Therefore, the robots that serve us personally in the near
future will of necessity be somewhat anthropomorphic, just
as Asimov envisioned. To share a household with a human,
the robot must be able to travel autonomously throughout
the living quarters, to see and interpret needs, and to pro-
vide materials and services with a gentle and precise touch.

It may be that before the early decades of the 21st century
become history, some profound invention will alter robotics.
But it behooves this would-be oracle to stay within the bounds
of current technology and logical extensions thereof. And
that is not much of a constraint! Roboticists have a substan-
tial toolbox in hand today—Ilow-cost electronics, servomech-
anisms, controllers, sensors and communications equipment,
to name just a few categories. Moreover, these instruments of
construction are steadily evolving, particularly those in sen-
sory perception. Active and passive beacons, stereo vision
and even a receiver for the Global Positioning System (a net-
work of satellites that broadcasts positional information)
will enable a robot to navigate its environment effortlessly.
Voice synthesis and recognition will ensure understanding
of the human overseer’s needs. Safety precautions, such as
rules similar to Asimov’s three laws of robotics—which can
be loosely paraphrased as “Protect humans; obey humans;
protect yourself ”—can readily be embedded.

lArobot built with these tools will probably first see duty as
a companion to the elderly and handicapped, perhaps
before the end of this century. It would give ambulatory aid
(offer an arm), fetch and carry, cook, clean, monitor vital
signs, entertain, and communicate with human caregivers lo-
cated elsewhere. This is not science fiction. We have the ca-
pability now—solid engineering is all that is required.

Still, I point out that the turn-of-the-century household ro-
bot, however useful, would be a far cry from a loyal staff of
butler, cook, maid and nurse. Human intervention would still
be necessary for personal hygiene, dressing, grooming and
invasive administration of medicine. And artificial intelligence
would not provide fully satisfying conversational gambits.

Personal-service robots may also encourage advances in
their industrial cousins, which are still consigned largely to
“put and take” actions. Making robots more adaptive and
communicative may help reduce the preprogramming now
required. As robots improve, they will be assigned to more
hot, hazardous and tedious tasks. I fondly hope that sooner,
rather than later, the National Aeronautics and Space Ad-
ministration and other space agencies worldwide will realize
that robots should be our emissaries in space. Flesh and
blood do not belong in that desperately hostile environment.
Using robots may ultimately make the human colonization
of space proceed much faster. Robots on Mars, for instance,
could create a friendly environment before humans arrive.

In the course of terrestrial evolution, humanity is only a re-
cent development. Our continuing advance is inhibited by the
ponderous nature of natural selection and by the laborious-
ness of the learning processes that endow our progeny with
their forebears’ wisdom. In contrast, every new robot can ra-
pidly incorporate the best physical and intellectual capacity
available at the time. Within seconds, all prior robotic experi-
ence can be downloaded. Robotics may very well determine
how human activity evolves in the 21st century.

JOSEPH F. ENGELBERGER, often called the father of robot-

ics, is chairman of Transitions Research Corporation in Dan-
bury, Conn., which seeks to develop personal-service robots.
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The most crucial
changes will come from
attacking the waste
problems of industry,
agriculture and energy
production at a
fundamental level.
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Solar Energy

Technology will allow radiation
from the sun to provide nonpolluting
and cheap fuels, as well as electricity

by William Hoagland

very year the earth’s surface re-
E ceives about 10 times as much en-
ergy from sunlight as is contained
in all the known reserves of coal, oil,
natural gas and uranium combined. This
energy equals 15,000 times the world’s
annual consumption by humans. Peo-
ple have been burning wood and other
forms of biomass for thousands of
years, and that is one way of tapping
solar energy. But the sun also provides
hydropower, wind power and fossil fu-
els—in fact, all forms of energy other
than nuclear, geothermal and tidal.
Attempts to collect the direct energy
of the sun are not new. In 1861 a mathe-
matics instructor named Augustin-Ber-
nard Mouchot of the Lycée de Tours in

France obtained the first patent for a
solar-powered motor. Other pioneers
also investigated using the sun’s ener-
gy, but the convenience of coal and oil
was overwhelming. As a result, solar
power was mostly forgotten until the
energy crisis of the 1970s threatened
many major economies.

Economic growth depends on energy
use. By 2025 the worldwide demand
for fuel is projected to increase by 30
percent and that for electricity by 265
percent. Even with more efficient use
and conservation, new sources of ener-
gy will be required. Solar energy could
provide 60 percent of the electricity
and as much as 40 percent of the fuel.

Extensive use of more sophisticated

solar energy technology will have a ben-
eficial impact on air pollution and glob-
al climatic change. In developing coun-
tries, it can alleviate the environmental
damage caused by the often inefficient
practice of burning plant material for
cooking and heating. Advanced solar
technologies have the potential to use
less land than does biomass cultivation:
photosynthesis typically captures less
than 1 percent of the available sunlight,
but modern solar technologies can, at
least in the laboratory, achieve efficien-
cies of 20 to 30 percent. With such effi-
ciencies, the U.S. could meet its current
demand for energy by devoting less
than 2 percent of its land area to ener-
gy collection.

It is unlikely that a single solar tech-
nology will predominate. Regional vari-
ations in economics and the availability
of sunlight will naturally favor some ap-
proaches over others. Electricity may
be generated by burning biomass, erect-
ing wind turbines, building solar-pow-
ered heat engines, laying out photovol-
taic cells or harnessing the energy in
rivers with dams. Hydrogen fuel can be
produced by electrochemical cells or bi-
ological processes—involving microor-
ganisms or enzymes—that are driven
by sunlight. Fuels such as ethanol and
methanol may be generated from bio-
mass or other solar technologies.




Solar energy also exists in the oceans
as waves and gradients of temperature
and salinity, and they, too, are poten-
tial reservoirs to tap. Unfortunately, al-
though the energy stored is enormous,
it is diffuse and expensive to extract.

Growing Energy

gricultural or industrial wastes such
as wood chips can be burned to
generate steam for turbines. Such facil-
ities are competitive with conventional
electricity production wherever biomass
is cheap. Many such plants already ex-
ist, and more are being commissioned.
Recently in Varnamo, Sweden, a mod-
ern power plant using gasified wood to
fuel a jet engine was completed. The fa-
cility converts 80 percent of the energy
in the wood to provide six megawatts
of power and nine megawatts of heat
for the town. Although biomass com-
bustion can be polluting, such technol-
ogy makes it extremely clean.

Progress in combustion engineering
and biotechnology has also made it eco-
nomical to convert plant material into
liquid or gaseous fuels. Forest products,
“energy crops,” agricultural residues
and other wastes can be gasified and
used to synthesize methanol. Ethanol
is released when sugars, derived from
sugarcane or various kinds of grain

crops or from wood (by converting cel-
lulose), are fermented.

Alcohols are now being blended with
gasoline to enhance the efficiency of
combustion in car engines and to re-
duce harmful tail-pipe emissions. But
ethanol can be an effective fuel in its
own right, as researchers in Brazil have
demonstrated. It may be cost-competi-
tive with gasoline by 2000. In the future,
biomass plantations could allow such
energy to be “grown” on degraded land
in developing nations. Energy crops
could also allow for better land manage-
ment and higher profits. But much re-
search is needed to achieve consistent-
ly high crop yields in diverse climates.

Questions do remain as to how use-
ful biomass can be, even with techno-
logical innovations. Photosynthesis is
inherently inefficient and requires large
supplies of water. A 1992 study com-
missioned by the United Nations con-
cluded that 55 percent of the world’s
energy needs could be met by biomass
by 2050. But the reality will hinge on
what other options are available.

Wind Power

Roughly 0.25 percent of the sun’s
energy reaching the lower atmo-
sphere is transformed into wind—a mi-
nuscule part of the total but still a sig-

SCIENTIFIC AMERICA

nificant source of energy. By one esti-
mate, 80 percent of the electrical con-
sumption in the U.S. could be met by
the wind energy of North and South
Dakota alone. The early problems sur-
rounding the reliability of “wind farms”
have now been by and large resolved,
and in certain locations the electricity
produced is already cost-competitive
with conventional generation.

In areas of strong wind—an average
of more than 7.5 meters per second—
electricity from wind farms costs as lit-
tle as $0.04 per kilowatt-hour. The cost
should drop to below $0.03 per kilo-
watt-hour by the year 2000. In Califor-
nia and Denmark more than 17,000
wind turbines have been completely in-
tegrated into the utility grid. Wind now
supplies about 1 percent of California’s
electricity.

One reason for the reduction is that

DIVERSE DEVICES aid in capturing solar
energy. Wind turbines (a) draw out the
energy stored in the atmosphere through
differential heating by the sun. A solar
furnace (b) uses radiation reflected onto
a central tower to drive an engine. Solar
panels (c and background) employ pho-
tovoltaic cells to create electricity. And
crops such as sugarcane (d) tap sun-
light by photosynthesis. The sugar can
be converted to alcohol, a clean fuel.
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stronger and lighter materials for the
blades have allowed wind machines to
become substantially larger. The tur-
bines now provide as much as 0.5
megawatt apiece. Advances in variable-
speed turbines have reduced stress
and fatigue in the moving parts, thus
improving reliability. Over the next 20
years better materials for air foils and
transmissions and smoother controls
and electronics for handling high levels
of electrical power should become
available.

One early use of wind energy will
most likely be for islands or other areas
that are far from an electrical grid. Many
such communities currently import die-
sel for generating power, and some are
actively seeking alternatives. By the
middle of the next century, wind power
could meet 10 to 20 percent of the
world’s demand for electrical energy.

The major limitation of wind energy
is that it is intermittent. If wind power
constitutes more than 25 to 45 percent
of the total power supply, any shortfall
causes severe economic penalties. Bet-
ter means of energy storage would al-
low the percentage of wind power used
in the grid to increase substantially. (I
will return to this question presently.)

Heat Engines

ne way of generating electricity is
to drive an engine with the sun’s
radiant heat and light. Such solar-ther-
mal electric devices have four basic
components, namely, a system for col-
lecting sunlight, a receiver for absorb-

ing it, a thermal storage device and a
converter for changing the heat to elec-
tricity. The collectors come in three ba-
sic configurations: a parabolic dish that
focuses light to a point, a parabolic
trough that focuses light to a line and
an array of flat mirrors spread over sev-
eral acres that reflect light onto a single
central tower.

These devices convert between 10
and 30 percent of the direct sunlight to
electricity. But uncertainties remain re-
garding their life span and reliability. A
particular technical challenge is to de-
velop a Stirling engine that performs
well at low cost. (A Stirling engine is
one in which heat is added continuous-
ly from the outside to a gas contained
in a closed system.)

Solar ponds, another solar-thermal
source, contain highly saline water near
their bottom. Typically, hot water rises
to the surface, where it cools off. But
salinity makes the water dense, so that
hot water can stay at the bottom and
thus retain its heat. The pond traps the
sun’s radiant heat, creating a high tem-
perature gradient. Hot, salty fluid is
drawn out from the bottom of the pond
and allowed to evaporate; the vapor is
used to drive a Rankine-cycle engine
similar to that installed in cars. The cool
liquid at the top of the pond can also
be used, for air-conditioning.

A by-product of this process is fresh-
water from the steam. Solar ponds are
limited by the large amounts of water
they need and are more suited to re-
mote communities that require fresh-
water as well as energy. Use of solar

SOURCE
HYDRO- SOLAR SOLAR
POWER OCEANS WIND CELLS THERMAL BIOMASS

A

UTILITIES RESIDENTIAL

AND COMMERCIAL

TRANSPOR-
TATION

AGRICULTURAL
AND INDUSTRIAL

END USE

DISTRIBUTION of renewable solar energy projected for the year 2000 shows that
many different means of tapping the resource will play a role.

172

SCIENTIFIC AMERICAN September 1995

[a]
['4
<
i
s
<
[}
>
w
o
<
8]

ponds has been widely investigated in
countries with hot, dry climates, such
as in Israel.

Solar Cells

he conversion of light directly to

electricity, by the photovoltaic ef-
fect, was first observed by the French
physicist Edmond Becquerel in 1839.
When photons shine on a photovoltaic
device, commonly made of silicon, they
eject electrons from their stable posi-
tions, allowing them to move freely
through the material. A voltage can
then be generated using a semiconduc-
tor junction. A method of producing ex-
tremely pure crystalline silicon for pho-
tovoltaic cells with high voltages and
efficiencies was developed in the 1940s.
It proved to be a tremendous boost for
the industry. In 1958 photovoltaics
were first used by the American space
program to power the radio of the U.S.
Vanguard I space satellite with less
than one watt of electricity.

Although significant advances have
been made in the past 20 years—the
current record for photovoltaic efficien-
cy is more than 30 percent—cost re-
mains a barrier to widespread use.
There are two approaches to reducing
the high price: producing cheap materi-
als for so-called flat-plate systems, and
using lenses or reflectors to concen-
trate sunlight onto smaller areas of (ex-
pensive) solar cells. Concentrating sys-
tems must track the sun and do not use
the diffuse light caused by cloud cover
as efficiently as flat-plate systems. They
do, however, capture more light early
and late in the day.

Virtually all photovoltaic devices op-
erating today are flat-plate systems.
Some rotate to track the sun, but most
have no moving parts. One may be op-
timistic about the future of these de-
vices because commercially available
efficiencies are well below theoretical
limits and because modern manufac-
turing techniques are only now being
applied. Photovoltaic electricity pro-
duced by either means should soon cost
less than $0.10 cents per kilowatt-hour,
becoming competitive with convention-
al generation early in the next century.

Storing Energy

Sunlight, wind and hydropower all
vary intermittently, seasonally and
even daily. Demand for energy fluctu-
ates as well; matching supply and de-
mand can be accomplished only with
storage. A study by the Department of

Copyright 1995 Scientific American, Inc.



Energy estimated that by 2030 in the
U.S., the availability of appropriate stor-
age could enhance the contribution of
renewable energy by about 18 quadril-
lion British thermal units per year.

With the exception of biomass, the
more promising long-term solar sys-
tems are designed to produce only elec-
tricity. Electricity is the energy carrier
of choice for most stationary applica-
tions, such as heating, cooling, lighting
and machinery. But it is not easily
stored in suitable quantities. For use in
transportation, lightweight, high-capac-
ity energy storage is needed.

Sunlight can also be used to produce
hydrogen fuel. The technologies re-
quired to do so directly (without gener-
ating electricity first) are in the very
early stages of development but in the
long term may prove the best. Sunlight
falling on an electrode can produce an
electric current to split water into hy-
drogen and oxygen, by a process called
photoelectrolysis. The term “photobiol-
ogy” is used to describe a whole class
of biological systems that produce hy-
drogen. Even longer-term research may
lead to photocatalysts that allow sun-
light to split water directly into its com-
ponent substances.

When the resulting hydrogen is
burned as a fuel or is used to produce
electricity in a fuel cell, the only by-prod-
uct is water. Apart from being environ-
mentally benign, hydrogen provides a
way to alleviate the problem of storing
solar energy. It can be held efficiently
for as long as required. Over distances
of more than 1,000 kilometers, it costs
less to transport hydrogen than to trans-
mit electricity. Residents of the Aleutian
Islands have developed plans to make
electricity from wind turbines, convert-
ing it to hydrogen for storage. In addi-
tion, improvements in fuel cells have
allowed a number of highly efficient,
nonpolluting uses of hydrogen to be de-
veloped, such as electric vehicles pow-
ered by hydrogen.

A radical shift in our energy econo-
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A New Chance for Solar Energy

olar power is getting cheaper—in fact, the cost of filching the sun’s rays

has fallen more than 65 percent in the past 10 years. It has not become
inexpensive enough, though, to rival fossil fuels, so solar energy remains a
promising, not yet fully mature alternative. Sales run only about $1 billion
annually, as opposed to roughly $800 billion for standard sources, and solar
customers still generally reside in isolated areas, far from power grids.

But a new proposal from an American utility may well make solar power
conventional—or at least more competitive. Enron Corporation, the largest
U.S. supplier of natural gas, recently joined forces with Amoco Corporation,
owner of the photovoltaic cell producer Solarex. The two companies intend
to build a 100-megawatt solar plant in the Nevada desert by the end of 1996.
The facility, which could supply a city of 100,000, will initially sell energy for
5.5 cents a kilowatt-hour—about three cents cheaper on average than the
electricity generated by oil, coal or gas. “If they can pull this off, it can revo-
lutionize the whole industry,” comments Robert H. Williams of Princeton Uni-
versity. “If they fail, it is going to set back the technology 10 years.”

Despite its magnitude, the $150-million plan does not mean that the solar
age has finally dawned: Enron’s low price is predicated on tax exemptions
from the Department of Energy and on guaranteed purchases by the federal
government. Nor does it mark a sudden technological breakthrough: Solarex
manufactures a conventional thin-film, silicon-based photovoltaic cell that is
able to transform into electricity about 8 percent of the sunlight that reaches
it. Rather the significance of Enron’s venture—should the bid be accepted by
the government—is that it paves the way for other companies to make large-
scale investments in solar power.

Such investments could bring the price of solar-power technology and de-
livery down even further—for both large, grid-based markets and for the more
dispersed, off-the-grid markets that are the norm in many developing coun-
tries. “This marks a shift in approach,” explains Nicholas Lenssen, formerly at
the Worldwatch Institute in Washington, D.C., and now at E Source in Boulder,
Colo. “It allows them to attract lower-risk, long-term capital, not just venture
capital, which is very costly.” Which all means the Nevada desert may soon be
home to a very different, but still very hot, kind of test site. =~ —The Editors

my will require alterations in the infra-
structure. When the decision to change
is made will depend on the importance
placed on the environment, energy se-
curity or other considerations. In the
U.S., federal programs for research into
renewable energy have been on a roller-
coaster ride. Even the fate of the De-
partment of Energy is uncertain.

At present, developed nations con-
sume at least 10 times the energy per
person than is used in developing coun-

tries. But the demand for energy is ris-
ing fast everywhere. Solar technologies
could enable the developing world to
skip a generation of infrastructure and
move directly to a source of energy that
does not contribute to global warming
or otherwise degrade the environment.
Developed countries could also benefit
by exporting these technologies—if ad-
ditional incentives are at all necessary
for investing in the future of energy
from the sun.
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Fusion

Energy derived from fused nuclei

may become widely used

by the middle of the next century

by Harold P. Furth

uring the 1930s, when scien-
D tists began to realize that the

sun and other stars are pow-
ered by nuclear fusion, their thoughts
turned toward re-creating the process,
at first in the laboratory and ultimately
on an industrial scale. Because fusion
can use atoms present in ordinary water
as a fuel, harnessing the process could
assure future generations of adequate

174

electric power. By the middle of the next
century, our grandchildren may be en-
joying the fruits of that vision.

The sun uses its strong gravity to
compress nuclei to high densities. In
addition, temperatures in the sun are
extremely high, so that the positively
charged nuclei have enough energy to
overcome their mutual electrical repul-
sion and draw near enough to fuse.

SCIENTIFIC AMERICAN September 1995

Such resources are not readily available
on the earth. The particles that fuse
most easily are the nuclei of deuterium
(D, a hydrogen isotope carrying an ex-
tra neutron) and tritium (T, an isotope
with two extra neutrons). Yet to fuse
even D and T, scientists have to heat
the hydrogen gases intensely and also
confine them long enough that the par-
ticle density multiplied by the confine-
ment time exceeds 10'# seconds per
cubic centimeter. Fusion research since
the 1950s has focused on two ways of
achieving this number: inertial confine-
ment and magnetic confinement.

The first strategy, inertial confine-
ment, is to shine a symmetrical array of
powerful laser beams onto a spherical
capsule containing a D-T mixture. The
radiation vaporizes the surface coating
of the pellet, which explodes outward.
To conserve momentum, the inner
sphere of fuel simultaneously shoots
inward. Although the fuel is compressed
for only a brief moment—less than 1010
second—extremely high densities of al-

Copyright 1995 Scientific American, Inc.
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most 102> particles per cubic centime-
ter have been achieved at the Nova la-
ser facility at Lawrence Livermore Na-
tional Laboratory.

For more energetic lasers, the com-
pression will be higher, and more fuel
will burn. A future machine, the Nation-
al Ignition Facility, the design and fund-
ing for which will be submitted to the
U.S. Congress for final approval in 1996,
will feature a 192-beam laser applying
1,800 kilojoules of energy within a few
billionths of a second. If all goes well,
fusion with this machine will liberate
more energy than is used to initiate the
capsule’s implosion. France is planning
to build a laser of similar capabilities
near Bordeaux in 1996.

Magnetic Fields

he many magnetic fusion devices
explored—among them stellarators,
pinches and tokamaks—confine the hot
ionized gas, or plasma, not by material
walls but by magnetic fields. The most

CURRENT COILS

successful and highly developed of
these devices is the tokamak, proposed
in the early 1950s by Igor Y. Tamm and
Andrei D. Sakharov of Moscow Univer-
sity. Electric current flows in coils that
are arranged around a doughnut-shaped
chamber. This current acts in concert
with another one driven through the
plasma to create a magnetic field spiral-
ing around the torus. The charged nu-
clei and an accompanying swarm of
electrons follow the magnetic-field lines.
The device can confine the plasma at
densities of about 104 fuel particles per
cubic centimeter for roughly a second.

But the gas also needs to be heated if
it is to fuse. Some heat comes from the
electrical resistance to the current flow-
ing through the plasma. But more in-
tense heating is required. One scheme
being explored in tokamaks around the
world uses radio-frequency systems
similar to those in microwave ovens.
Another common tack is to inject ener-
getic beams of deuterium or tritium
nuclei into the plasma. The beams help
to keep the nuclei hotter than the elec-
trons. Because it is the nuclei that fuse,
the available heat is therefore used
more efficiently. (The strategy repre-
sents a departure from earlier experi-
ments that tried to imitate the sun in
keeping the temperatures of the nuclei
and the electrons roughly equal.)

Such a “hot ion” mode was used in
1994 at Princeton University’s Tokamak
Fusion Test Reactor (TFTR) to generate
more than 10 million watts of fusion
power. Although achieved for only half
a second, the temperature, pressure
and energy densities obtained are com-
parable with those needed for a com-

..p‘__
MAGNETIC-
FIELD LINE

NUCLEUS
MAGNETIC-
FIELD LINE

ELECTRON
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mercial electrical plant. In 1996, during
the next operational phase of the Joint
European Torus (JET) at Culham, En-
gland, the experimenters may approach
breakeven, generating as much energy
as is fed into the plasma. At the JT-60U
device at Naka, Japan, scientists are de-
veloping higher-energy injectors.

Apart from keeping the plasma hot,
one challenge is to clean out continu-
ously the contaminant atoms that are
knocked off when nuclei happen to
strike the walls. Several tokamaks have
extra magnetic coils that allow the out-
er edges of the plasma to be diverted
into a chamber where the impurities are
extracted along with some heat. This
system works well for present-day ex-
periments, in which the plasma is con-
fined for at most a few seconds. But it
will not suffice for commercial power
plants that will generate billions of
watts during pulses that last hours or
days. Researchers at JET and at the DIII-
D tokamak in San Diego are attacking
this problem.

Currently it is within our capability to
construct and operate a tokamak that
will sustain a stable, fusing plasma, not
for fractions of a second but for thou-
sands of seconds. The International
Thermonuclear Experimental Reactor
(ITER), a collaborative effort of the Eu-
ropean Union, Japan, the Russian Fed-
eration and the U.S., aspires to do just
that. ITER is expected to be a large ma-
chine, with a plasma about 16 meters
in major diameter, featuring supercon-
ducting coils, trittum-breeding facilities
and remote maintenance. The present
schedule calls for a blueprint to be com-
pleted in 1998, whereupon the partici-
pating governments will decide wheth-
er to proceed with construction.

Looking Ahead

hile ITER represents a valuable op-
portunity for international collab-
oration, there is some chance that its
construction will be delayed. In the in-
terim, experimenters at TFTR and oth-

TOKAMAK Fusion Test Reactor (far left),
a magnetic fusion machine at Princeton,
N.J., has achieved the highest energies
to date. The hot fuel, consisting of deu-
terium and tritium nuclei, is confined
by magnetic-field lines. These lines are
generated by electric currents flowing
around a doughnut-shaped container
(left, bottom). The hot gas causes the in-
ner walls, made of carbon, to glow pink
(left, top). The white streak is from deu-
terium being injected into the chamber.
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LASER FUSION, here demonstrated at the Omega facility at the University of
Rochester, is achieved by compressing a fuel pellet by means of symmetrically ar-
ranged lasers. The technology also has applications in defense.

er large tokamaks around the world will
explore new ideas for making radically
smaller and cheaper reactors, possibly
influencing ITER’s design. One of these
proposals uses a complex twisting of
the plasma to reduce heat loss greatly.
Normally the magnetic field that winds
around the torus has a higher twist
near the center of the plasma. If instead
the twist decreases in regions near the
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ENERGY RELEASE from fusion in toka-
maks around the world has increased
steadily in the past decades. Much of the
improvement has come from heating the
fuel by injection of energetic nuclei.
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center, the plasma should be less tur-
bulent, thus allowing higher pressures
to be sustained. Experimentation, along
with theoretical analysis and computer
simulations, will vastly improve our abil-
ity to control such processes.

One more hint of how fusion could
evolve in the next 25 years is in the uti-
lization of the by-products. In a self-
sustaining reaction the heat lost is made
up by energy generated through fusion.
Eighty percent of the fusion power is
carried away by neutrons, which, being
electrically neutral, slip through the
confining magnetic fields. Trapped in
outer walls, the neutrons give up their
energy as heat, which is used to gener-
ate steam. The vapor in turn drives an
engine to create electricity. The remain-
ing 20 percent of the power goes to the
other product of the fusion reaction,
an alpha particle: a pair of protons and
a pair of neutrons, bound into a nucle-
us. Being positively charged, alphas are
trapped by the magnetic fields.

The alphas bounce around inside the
plasma, heating up the electrons; the
fuel nuclei are heated indirectly through
collisions with electrons. Nathaniel J.
Fisch of Princeton and Jean-Marcel Rax
of the University of Paris suggested in
1992 that rather than wasting valuable
energy on the electrons, the alpha par-
ticles could help amplify special waves
injected into the plasma that channel
the energy directly to the nuclei. Thus
concentrating the energy in the fuel
could double the density of fusion pow-
er achieved.
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The particles produced as by-prod-
ucts of fusion may be put to another,
quite different, use. In this respect, tak-
ing a hint from history might be bene-
ficial for fusion’s short-term future. Two
centuries ago in England, the industrial
revolution came about because horses
refused to enter coal mines: the first en-
gines were put together to haul out coal,
not to power cars or airplanes. John M.
Dawson of the University of California
at Los Angeles has proposed that dur-
ing the next 20 to 30 years, while fusion
programs are developing a technology
for large-scale energy production, they
could provide other benefits. For exam-
ple, the protons formed as by-products
of some fusion reactions may be con-
verted to positrons, particles that can
be used in medically valuable positron
emission tomography scans.

During this phase of special applica-
tions, an abundance of new ideas in
plasma physics would be explored, ul-
timately yielding a clear vision about
future reactor design. Fifty years from
now engineers should be able to con-
struct the first industrial plants for fu-
sion energy. Although far removed from
immediate political realities, this sched-
ule matches the critical timescale of 50
to 100 years in which fossil-energy re-
sources will need to be replaced.
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Disposing of Nuclear Waste

t 3:49 P.M. on December 2, 1942, in a converted
squash court under the football stands at the Univer-
sity of Chicago, a physicist slid back some control rods in
the first nuclear reactor and ushered in a new age. Four
and a half minutes later the world had its first nuclear
waste. Since then, mountains of high-level waste have
joined that original molehill in Chicago: according to the
International Atomic Energy Agency, about 10,000 cubic
meters of high-level waste accumulate each year.

This massive amount of radioactive material has no per-
manent home. Not a single country has managed to im-
plement a long-term plan for storing it; each relies on in-
terim measures. In the U.S., for example, used fuel rods are
generally kept in pools near a reactor until they are cool
enough for dry storage in steel casks elsewhere at the site.

However large or small a role nuclear fission plays in
meeting future energy needs, safely disposing of intense-
ly radioactive by-products will remain a top priority, if only
because so much material already exists. Among the most
promising technologies are:

= Permanent subterranean storage. All the coun-
tries that have significant amounts of high-level waste are
currently hoping to store it deep underground in geologi-
cally stable areas. In the U.S. version of this plan, spent
fuel rods are to be sealed in steel canisters and allowed to
cool aboveground for several years. If the high-level waste
is in liquid form, it will be dried and “vitrified,” or enclosed
in glass logs, before being put in canisters. These contain-
ers will later be placed in canisters up to 5.6 meters long,
which will, in turn, be inserted in holes drilled in the rock
floor of warehouselike caverns, hundreds of meters below
the surface. The holes will be covered with plugs designed
to shield the room above from radiation. Federal officials
had hoped to build the U.S. repository beneath Yucca
Mountain in Nevada, but local authorities are fighting to
keep the repository out of the state.

= Entombment under the seabed. Pointed canisters
containing the waste could be dropped from ships to the
floor far below, where they would penetrate and embed
themselves tens of meters down. The advantages stem
from the ability to use seafloor sites that are stable and re-
mote from the continents. In a variation on this idea, the
canisters could be dropped into deep ocean trenches,
where they would be pulled into the earth’s mantle by the
geologic process of subduction.

Considered the most scientifically sound proposals by
some experts, these—as with all schemes involving the
oceans—have been rejected by science policymakers be-
cause of concerns over the potentially adverse public re-
action and the plan’s possible violation of international
treaties barring the disposal of radioactive waste at sea.

= Nuclear transmutation. The troublesome compo-
nents of high-level waste are a relatively small number of
materials that are radioactive for tens of thousands of
years. If appropriately bombarded with neutrons, howev-
er, the materials can be transmuted into others that are ra-
dioactive for only hundreds or possibly just tens of years.
A repository would still be needed. It could hold much
more material, though, because the amount of heat emit-
ted by the waste would be significantly reduced.

Copyright 1995 Scientific American, Inc.
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SPENT FUEL RODS are cooled and shielded in pools at a

facility in La Hague, France. Blue glow is caused by the in-
teraction of radiation from the fuel with the water.

A very small scale form of transmutation has been car-
ried out for decades in specially designed experimental re-
actors. Lately scientists at Los Alamos National Laboratory
have proposed using a high-energy accelerator to make
the process more rapid and efficient. According to Wendell
D. Weart, a senior scientist at Sandia National Laborato-
ries, the main challenge would be concentrating the nucle-
ar materials. “No one’s ever tried to do it with the degree
of separation that this would require,” he says. “It’s not
easy to work with intensely radioactive systems, with this
degree of chemical separation. It would be a neat trick.”

Some less highly regarded proposals are:

= Shooting nuclear waste into space or the sun.
This idea has been rejected because of its enormous ex-
pense, as well as the possibility that a loaded rocket could
blow up before leaving the earth’s atmosphere.

= Storage under a polar icecap. High-level waste
generates enough heat to melt not only ice but possibly
even rock. Perhaps because of that characteristic, the idea
has not won many converts.

= Dissolving waste in the world’s oceans. Uniform-
ly spread over much of the surface of the earth, the ra-
dioactivity would be small compared with the background
level, proponents have insisted. —The Editors
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The Industrial Ecology
of the 21st Century

A clean and efficient industrial economy
would mimic the natural world’s ability
to recycle materials and minimize waste

by Robert A. Frosch

r I Yhe end of the 20th century has
seen a subtle change in the way
many industries are confronting

environmental concerns: they are shift-
ing away from the treatment or dispos-
al of industrial waste and toward the
elimination of its very creation. This
strategy attempts to get ahead of the
problem, so that society is not destined
to face an ever growing mass of waste
emanating from the end of a discharge
pipe or the brim of a garbage pail. It
seems likely that the next century will
see an acceleration of this trend, a clear
departure from the past emphasis—by
industry, by government regulators and
even by most environmental organiza-
tions—on late-stage cleanup.

The old attitude often resulted only
in manufacturers dumping waste into
their own “backyards,” thus generating
a good deal of what might be called in-
dustrial archaeology. That heritage cur-
rently puts many firms into the envi-
ronmental cleanup business, whether
they like it or not. But in the 21st centu-
ry, industry may behave quite different-
ly, so as to avoid creating more expen-
sive burial sites that society will have to
suffer or pay to clean up all over again.

What most people would like to see is
a way to use industrial waste produc-
tively. Waste is, after all, wasteful. It is
money going out the door in the form
of processed material and its embodied
energy. To avoid this inefficiency, manu-
facturers of the next century must con-
sider how to design and produce prod-
ucts in such a way as to make the con-
trol of waste and pollution part of their
enterprise, not just an afterthought.
They will need to pay attention to the
entire product life cycle, worrying not
only about the materials used and cre-
ated in the course of manufacturing

178

but also about what happens to a prod-
uct at the end of its life. Will it become
a disposal problem, or can it become a
source of refined material and energy?

Manufacturers are just beginning to
seek new approaches in what may well
become a comprehensive revolution. As
such movements often do, these efforts
are producing new ideas and a new set
of buzzwords. Engineers had previous-
ly spoken of “design for manufacturing”
and “design for assembly,” and now we
have added “design for disassembly,”
“design for recycling” and “design for
environment” to our vocabulary. These
terms mean simply that from the very
start we are paying attention to the po-
tential effects of excess waste and pol-
lution in manufacturing.

Overcoming these problems is in part
a technological problem—clever new
technologies that can reduce or recycle
wastes will surely play a valuable role.
But the answer will not depend entirely
on inventing breakthrough technolo-
gies. Rather it may hinge on coordinat-
ing what are fairly conventional meth-
ods in more prudent ways and in devel-
oping legal and market structures that
will allow suitable innovation. These ef-
forts will involve complex considera-
tions of product and process design,
economics and optimization, as well as
regulation and handling of hazardous
materials. Strangely, there has been rel-
atively little general examination of
these issues, although there are many
individual cases in which such thinking
has been employed.

For example, Kumar Patel of AT&T
Bell Laboratories has described an in-
teresting approach being taken in a sec-
tion of its microelectronics fabrication
business. Engineers at that division of
Bell Labs were concerned because sev-
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eral of the raw materials, such as galli-
um arsenide, were particularly nasty.
They dealt with this difficulty by using,
in effect, the military technology of bi-
nary chemical weapons, in which two
chemicals that are not very hazardous
individually combine within a weapon
to make one tremendously hazardous
substance. Bell Labs now avoids having
to keep an inventory of one highly toxic
material through a simple process that
brings together its much less hazard-
ous chemical constituents right at the
spot where the combined compound is
used. This is essentially a just-in-time
delivery system that matches produc-
tion to need and obviates disposal of
excess. Bell Labs concluded that the
company amortized the investment in
new equipment in less than a year by
eliminating the extra costs of storing,
transporting and occasionally dispos-
ing of the hazardous compound.

A Lesson from Nature

B eyond solving as much of the waste
problem as possible within each
company, we have to think about in-
dustry in the future on a larger scale.
We need to examine how the total in-
dustrial economy generates waste and
pollutants that might damage the envi-
ronment. Viewing industry as an inter-
woven system of production and con-
sumption, one finds that the natural
world can teach us quite a bit. The anal-
ogy with nature suggests the name “in-
dustrial ecology” for this idea (although
this term is increasingly coming into use
for a diverse set of practices that might
make industry pollute less).

The natural ecological system, as an
integrated whole, minimizes waste.
Nothing, or almost nothing, that is pro-
duced by one organism as waste is not
for another organism a source of usable
material and energy. Dead or alive, all
plants and animals and their wastes are
food for something. Microbes consume
and decompose waste, and these mi-
croorganisms in turn are eaten by other
creatures in the food web. In this mar-
velous natural system, matter and en-
ergy go around and around in large cy-
cles, passing through a series of inter-
acting organisms.

With this insight from the natural
ecological system, we are beginning to
think about whether there are ways to
connect different industrial processes
that produce waste, particularly hazard-
ous waste. A fully developed industrial
ecology might not necessarily minimize
the waste from any specific factory or
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industrial sector but should act to min-
imize the waste produced overall.

This is not really a new or startling
idea. There are companies that have
sought this minimization for a long
time. The chemical and petrochemical
industries are probably ahead of most
others. They characteristically think in
terms of turning as much as possible of
what they process into useful product.
But in the future, industrial countries
will want all producers to be thinking
about how they can alter manufactur-
ing, products and materials so that the
ensemble minimizes both waste and
cost. Such requirements need not be
onerous: a company might easily change
to a more expensive manufacturing
process if it prevents the generation of
waste that the firm had to pay to have
taken away and if it creates materials
for which there are customers.

Many requirements must be met for
this redirection to be accomplished. As
incentive for designing and producing
something specifically so that it can be
reused, companies will need reliable
markets. Many early attempts at recy-
cling failed because they just collected
materials—a pointless exercise unless
somebody actually wants to use them. If
there are going to be markets for what
would otherwise be waste, information
will need to be available on who has
what, who needs what, who uses what.
This information is typically inaccessi-
ble now because companies tend to be
secretive about their waste streams. (If
competitors know about the by-prod-
ucts produced, they might deduce pro-
tected trade secrets.) We will have to in-
vent ways to get around this difficulty.

Antirecycling Laws

n addition to the need for more com-

plete market information, society re-
quires a novel kind of regulation to
make a true industrial ecology possible.
Frustrations with regulation frequently
arise because we have fostered and de-
veloped environmental laws that at-
tempt to deal with one problem at a

KALUNDBORG, DENMARK, represents a
model industrial ecosystem. An oil re-
finery (a) employs waste heat from a
power plant (b) and sells sulfur removed
from petroleum to a chemical company.
The refinery will also provide sulfur (as
calcium sulfate) to a wallboard producer
(c) to replace the gypsum typically used.
Excess steam from the power plant also
heats water for aquaculture (d), while it
warms greenhouses and residences (e).

PHOTOGRAPHS BY RUDDI CHRISTENSEN Gamma Liaison
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time. The current regulatory framework
focuses on disposing of or treating in-
dustrial wastes without regard for the
possibility of minimizing or reusing
them. In fact, it often acts to thwart re-
cycling. Once a substance is classified as
hazardous waste, it becomes extraordi-
narily difficult to do anything useful
with it, even if the material is identical
to a “virgin” industrial chemical readi-
ly bought and sold on the open market.

For example, if a manufacturer pro-

duces waste containing cyanide, a toxic
hydrocarbon or a heavy metal, the com-
pany will likely be controlled by strict
environmental laws. Unless the firm can
overcome excruciatingly complex bu-
reaucratic barriers, it will probably not
be allowed to process that material into
a salable product or even to transport it
(except to a disposal site). Yet anyone
can easily go to a chemical manufactur-
er and buy cyanide, hydrocarbon sol-
vents or heavy metal compounds that

The Ultimate Incinerators

have been newly produced. (Their man-
ufacturer generally has a standing per-
mit for packaging, transporting and sell-
ing these substances.)

A particularly interesting example
comes from the automotive industry’s
treatment of steel. Anticorrosion mea-
sures produce a zinc-rich sludge that in
the past was sent to a smelter to recov-
er the zinc and put it back into the pro-
cess stream. But a decade ago regula-
tions began listing such wastewater
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hile the world waits for industry

to develop processes so efficient
they do not produce waste, the prob-
lem of safely disposing of our garbage
persists. The idea of loading toxic or
other forms of waste on board a space-
craft and blasting them into the sun
seems, at first glance, a nice solution to
the earth’s trash woes. At 5,500 de-
grees Celsius, the surface of Sol would
leave little intact. But considering the
amount of garbage each human pro-
duces—three to four pounds per day,
on average—launches would simply be
too expensive to conduct regularly. Add
the possibility of a malfunction during
liftoff, and space shots of waste seem
impractical.

Instead some researchers are taking
the opposite tack: bringing a bit of the
sun to the earth. By sending a strong
electric current through a rarefied gas,
they can create plasma—an intensely
hot gas in which electrons have been separated from
atomic nuclei. The plasma, in turn, reaches up to 10,000
degrees C. (Conventional incinerators, using fossil fuels,
reach no more than 2,000 degrees C.) In the presence of
this demonic heat, hydrocarbons, PCBs and other toxins
that lace contaminated soil and ash break down, yielding
molten slag that hardens into inert and harmless glassy
rocks suitable for road gravel. Unlike their smoke-belching
conventional counterparts, plasma incinerators burn more
cleanly, emitting one fifth as much gas. Some designers
propose capturing this gas, which is combustible, for use
as fuel.

With so many pluses, it seems that plasma should have
been cooking waste a long time ago. The hurdle has been
economic: plasma can vaporize nonhazardous waste for
about $65 a ton, whereas landfilling costs less than half
that amount. But as landfill space dwindles and stricter
environmental codes are adopted, plasma waste destruc-
tion is becoming more competitive. For treatment of toxic
waste, it may even be cheaper. Daniel R. Cohn of the Mas-
sachusetts Institute of Technology estimates that a full-
scale plant could operate for less than $300 a ton—less
than half the current cost of disposing of hazardous waste.

The more reasonable economics have encouraged many

glassy blocks.
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PLASMA TORCH cooks contami-
nated soil, changing it into inert,

institutions to set up pilot furnaces. “The
whole technology is starting to pick up
around the world,” notes Louis J. Circeo
of the Georgia Institute of Technology,
where some of the largest furnaces are
located. Near Bordeaux, France, a plant
destroys asbestos at the rate of 100
tons a week. The Japanese city of Mat-
suyama has a facility designed to han-
dle the 300 tons of incinerator ash that
comes from the daily burning of 3,000
tons of municipal waste. Construction
of a furnace that could torch 12 tons of
medical waste a day is under way at
Kaiser Permanente’s San Diego hospital.
Circeo thinks it is even feasible to treat
existing landfills: just lower some plas-
ma torches down nearby boreholes.

Plasma need not be hot; it can also
exist at room temperature. Cohn and his
colleagues are testing the idea of using
“cold” plasma to destroy toxic vapors.
The physicists create such plasma by
firing an electron beam into a gas, a process that severs
electrons from nuclei and thus converts the gas into plas-
ma. Volatile organic compounds passed through the plas-
ma are attacked by the free electrons, which break down
the chemicals. Last year the workers tested their trailer-
size unit at the Department of Energy’s Hanford Nuclear
Reservation site in Richland, Wash., where up to two mil-
lion pounds of industrial solvents have been dumped
since the complex’s founding during the Manhattan Proj-
ect. They vacuumed out some of the carbon tetrachloride
in the ground and then pumped it into the chamber of
cold plasma, which transformed the toxin into less harm-
ful products that were subsequently broken down into
carbon dioxide, carbon monoxide, water and salt.

It may be a while before toxic waste is a distant memory
or before you can zap your kitchen trash into nothingness
with the flick of a switch, but many researchers are betting
that plasma waste destruction is becoming a reality. Cir-
ceo, for instance, hopes to raise $10 million for a plasma
plant that can destroy the 20 tons of garbage that revelers
and others at the 1996 Olympic Games in Atlanta are ex-
pected to generate daily. “In five to 10 years,” he predicts,
“you’re going to see plasma technology springing up all
over the place.” —The Editors

LOUIS J. CIRCEO Georgia Institute of Technology
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REFRIGERANT
from air conditioners
is routinely recov-
ered, cleaned and
reused in other cars.

PLASTIC interiors
are the most troubling
parts to recycle, but
innovative methods
are having success.

1 ]
COOLANTis 1 !
purified so that i OIL is replaced

it can be used frequently but typi-
once again. cally can be recycled
as fuel oil.

BATTERIES are
replaced periodically;
the lead plates, acid
and even plastic
cases are usually
recycled.

BODY PARTS such
as doors are kept as
replacements or re-
cycled for scrap steel.

WHEELS are commonly
used as replacements
or can be recycled for
scrap steel.

KARL GUDE

CATALYTIC CONVERTERS
contain valuable amounts of
platinum and rhodium, although
extracting these elements has
proved difficult.

TRANSMISSIONS and other
mechanical components of
the engine and drivetrain are
often refurbished.

BUMPERS can be
disassembled and
recycled into new

bumpers.

TIRES may be used
for scrap rubber or
can be ground up and
burned as fuel.

AUTOMOBILE RECYCLING is one of the most successful ex-
amples of reuse of a manufactured product. About 75 per-
cent of a typical car can be recycled in the form of refur-
bished parts, useful fluids and scrap materials. This process

can, however, be taken further. New methods to separate and
recycle plastic components, for example, offer the possibility
of removing even more material from the waste stream and
returning it to the manufacturing cycle.

treatment sludges as hazardous. The
unintended consequence was that the
smelters could no longer use the sludge,
because it had become, in name, a haz-
ardous material—the regulatory require-
ments for accepting it were too severe.
The zinc-rich sludge was redirected to
landfills, thereby increasing costs for
automobile manufacturers and produc-
ing a waste disposal problem for the
rest of society.

This situation clearly illustrated what
can be a serious problem: well-meant
environmental regulation can have the
bizarre effect of increasing both the
amount of waste created and the
amount to be disposed, because it puts
up high barriers to reuse. It might be
viewed as antirecycling regulation. This
peculiarity appears to have occurred
essentially by inadvertence: industrial
supplies, whether toxic or not, are con-
trolled by different statutes—and often
by a different part of the government—
than are materials considered waste. A
priority for the future will be a cleanup

of that aspect of the nation’s regulato-
ry machinery.

With adequate effort the next century
will see many improvements in environ-
mental laws as well as in specific envi-
ronmental technologies. But the most
important advance of all may be the
fundamental reorganization that allows
used materials to flow freely between

consumers and manufacturers, between
one firm and the next and between one
industry and another. As much as we
need to excavate the industrial archae-
ology left over from the past, we also
need to draw lessons for the future from
these ghastly sites, create an industrial
ecological vision and formulate a sys-
tem of law and practice to enable it.
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Technology
for Sustainable
Agriculture

The next green revolution needs to be

sophisticated enough to increase yields
while also protecting the environment

by Donald L. Plucknett and Donald L. Winkelmann

armers will have to confront for-

midable challenges in learning to

manage ever more advanced tech-
nologies in ways that will increase the
productivity of their resources while
protecting the environment. That com-
plex goal should be within reach of rich-
er countries, where (ironically) food is
already abundant and affordable, pop-
ulation growth is slow and mechanisms
exist for resolving at least some environ-
mental problems associated with agri-
culture. But it will surely be a daunting
task in the developing world, where
about a billion people are being added
each decade, where roughly that num-
ber are already malnourished and where
social capital for environmental protec-
tion is severely limited.

Many of the earth’s less developed re-
gions are indeed in critical condition. In
the poorest countries, agriculture now
occupies up to 80 percent of the work-
force, and almost half of an average
family’s budget is spent on foodstuffs.
In those nations, incomes can grow only
with greater farm productivity. Advanc-
es in agriculture thus become a prereq-
uisite for achieving nearly all social
goals—including slower population
growth.

Technology has been the most reli-
able force for pushing agriculture to-
ward higher productivity throughout
this century. The many agricultural tech-
nologies in use today all emerged from
scientific research. So it is reasonable
to ask what science will offer the next
generation of farmers and consumers.
How, in particular, might research in
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the next few decades help in the poor-
est countries, where poverty frequently
causes farmers to jeopardize the health
of the environment? The answer, sim-
ply put, is by fostering the practice of
sustainable agriculture.

For our purposes, we define sustain-
able agriculture as does Pierre Crosson
of Resources for the Future: it is farm-
ing that meets rising demands over the
indefinite future at economic, environ-
mental and other social costs consis-
tent with rising incomes. Sustainable
agriculture is thus quite a broad topic;
we concentrate here on just a few of its
more technological aspects.

Damage Control

herever agriculture is practiced,

insects and diseases lurk and
threaten crops. Every cultivated field in
the world also harbors weeds, and a
huge amount of labor, often by women
and children, is required to control
them. Since the 1950s, the treatment
for crops suffering from such pests has
sometimes been an indiscriminate ap-
plication of potent chemicals. But con-
cern for environmental standards in
richer countries is beginning to decrease
their use. Even some safe, commonly
used pesticides will soon become un-
available because, when their patents
run out, the cost of complying with en-
vironmental regulations in marketing
these products may exceed the profits
that might otherwise accrue to their
manufacturers. Fortunately, these chem-
icals are not the only weapons available
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to the battle. A wide array of alternative
measures can be brought in for support.
The term “integrated pest manage-
ment” captures that notion. It refers to
the combination of using hardy plants,
crop rotations, tillage practices, biolog-
ical controls and a minimal amount of
pesticides.

Integrated pest management draws
on the fundamental knowledge of plant
and insect biology amassed by bota-
nists and entomologists. Hundreds of
insect attractants (pheromones) have al-
ready been identified and synthesized,
and these substances can be used to
interfere with the normal reproductive
cycle of common pests—for example,
by inducing the insects to mate too
soon or inappropriately. Researchers
are also enthusiastic about the possibil-
ity of using insect viruses to suppress
pests effectively without harming their
natural predators or leaving unwanted

J FENTLLLL
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chemical residues. Coming advances
will undoubtedly make such carefully
tailored insect-control techniques more
widely available to knowledgeable farm-
ers, who can then incorporate them as
standard routines.

As scientific knowledge grows in the
next century, researchers will continue
to turn out a host of clever inventions
that can challenge conventional pesti-
cides. But the success of alternative
measures will also require a clear un-
derstanding of farm practices. For ex-
ample, it might be possible, in principle,
to reduce insect, disease and weed prob-
lems by increasing tillage or removing
crop residues from some fields. But
such actions can also increase erosion.

Hence, integrated pest management will
increasingly test the skills of both re-
searchers and farmers to anticipate
such effects and to balance what are
sometimes competing goals. Despite the
increased care in management that will
be required of farmers, we are nonethe-
less optimistic that future efforts will
provide a spectrum of practical strate-
gies for effective pest control.

Power Plants

he success of sustainable agricul-
ture depends fundamentally on
making plants more efficient in con-
verting sunlight, nutrients and water
into food and fiber products. Conven-

PEST MANAGEMENT for many farms means application of potent chemical pesti-
cides (left), but alternatives are emerging. Strawberry growers in California, for ex-
ample, can use tractor-mounted vacuums (below) to discourage some insects.

MIGUEL L. FAIRBANKS
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tional plant breeding now
boosts yields by roughly 1
percent annually. In the com-
ing years, biotechnology can
be expected to make breeding
even more efficient. For exam-
ple, research on the DNA of
diverse organisms will reveal
the genetic basis of many
traits, including disease and
insect susceptibility, biochem-
ical composition and nutritive
value. Breeders will be able to
4 use genetic tests and markers
;7 to identify subtle but desir-
" able traits in their crops
Lt more readily. Biotechnology
3 is also opening the door to
completely new hybrids
by making it possible to
crosshreed plants that
might never be able to do
so naturally. Moreover,

the application of mod-
Eael 00T ern molecular  biology

7 gas 7 will allow desirable traits
" to be directly “engineered”
into crop lines.

We expect that genetic ma-
nipulation will augment con-
ventional breeding by allow-
ing at first the direct transfer
of selected genes to existing
food crops from their wild rel-
atives. Through this approach,
there will be continued pro-
gress in bioengineering vari-

Bacillus thuringiensis
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are optimistic about seeing
these techniques increase the
yield of food crops; in partic-
ular, they may help boost pro-
ductivity on some of the de-
veloping world’s marginal
lands.

Efforts in promoting host
plant resistance will benefit
also from new insights into
the molecular biology of virus-
es. Scientists have already in-
serted genes from plant virus-
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es into the genetic makeup of selected
crops, creating inherent resistance to
these viral diseases in the altered
plants. During the next century, such
techniques—ones that bring exotic
genes into common crops—will be ex-
tensively developed.

A forerunner of the biotechnical mar-
vels that the future holds is the incor-
poration of a gene from the bacterium
Bacillus thuringiensis into a variety of
crops. The foreign gene codes for a tox-
in that gives plants resistance to some
leaf-feeding caterpillars. The transfer of
traits across species lines is a premier
example of the way technology can im-
prove the yield of various crops with-
out adversely altering or degrading the
growing environment.

We expect that during the next few
decades genetic engineering will be-
come a powerful addition to proved
plant-breeding strategies. But if the re-
searchers of the next century are going
to be able to mix and match genes to
produce better crops, they are going to
need a wide variety of natural material
to work with.

Applied Biodiversity

he conservation of biodiversity is re-

ceiving ever more attention, in part
because it affects agriculture so direct-
ly. For most economically important
crops, researchers have carefully main-
tained collections of genetic material
from domesticated and wild species in
germ plasm banks. These repositories
provide good insurance that the appro-
priate genes can be found and intro-
duced into cultivated plants when new
challenges arise.

Although a majority of the crops of
economic value can be conserved by
keeping their dry seeds refrigerated at
about -10 degrees Celsius, about 10 per-
cent of the plants now used for agricul-
ture, along with a good proportion of
the wild relatives of such crops, cannot
withstand these storage conditions.
Preservation of those varieties demands
that the entire plant be maintained in
something like its natural environment.
Such “in situ” conservation may also be
required where the number of species

P mokw
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BACILLUS THURINGIENSIS, a rod-shaped bacterium, produces a protein
that is toxic to leaf-eating caterpillars and so has been used for decades
by organic farmers as a natural insecticide. The gene that codes for the
toxin has been genetically engineered into several crops over the past
decade and will undoubtedly be used in many more in the future. (Dates
of experimental demonstration are shown beside projected dates for
commercialization, which are given in parentheses.)

Copyright 1995 Scientific American, Inc.



The Next Wave: Aquaculture

lobal consumption of fish is at its

highest recorded level and is still
growing. All forms of water dwellers, from
fin fish to crustaceans, are in great de-
mand. At the same time, however, scien-
tists and fisheries experts are noticing a
slow but worrisome decline in piscine pop-
ulations: it appears the oceans are in dan-
ger of depletion because of poor manage-
ment practices established decades ago
and technologies that permit gargantuan
catches.

Aquaculture—the cultivation of certain
aquatic animals and plants in farms on land
and at sea—may offer, at the very least, a
partial solution to the problem of shrinking
supply. The Worldwatch Institute in Wash-
ington, D.C., reports that farms are cur-
rently the fastest-growing source of fish. In
1993 aquaculture supplied about 22 per-
cent of the 86 million metric tons caught,
according to a recent study by the World
Bank. More than 25 percent of the salmon
and shrimp that are consumed come from farms. These
successes have already made aquaculture a $26-billion in-
dustry. The World Bank estimates that aquaculture could
meet some 40 percent of the demand for fish within 15
years if the proper investments in research and technolo-
gy are made by governments today.

Aquaculture’s potential is not news to many outside the
U.S., Canada and Europe. Fish farming, particularly for
tilapia (a freshwater cichlid fish) and shrimp, is common
in many countries. Among the top producers are China,
Japan, Norway, Israel, India, Ecuador, Thailand and Taiwan.
Many of these countries “are reflecting about 20 years of
research and development and investment,” notes Michael
C. Rubino, a partner at a shrimp farm, Palmetto Aquacul-
ture in South Carolina, and a consultant at the Internation-
al Finance Corporation. “Species take about 20 years to
get from the wild into the barnyard, so to speak.” (Ameri-
can efforts have centered on catfish, largely in the South,
as well as oysters and salmon.)

Those practicing aquaculture have to contend with
many of the same problems that any farmer faces: dis-
ease, pollution and space. When thousands of animals—
be they fish or fowl—cohabit in proximity, they become
highly susceptible to bacteria and viruses, which can wipe
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AQUACULTURE FARMS can be found all over the world. Here, off the
coast of Monaco, farmers are raising marine species in floating pens.

out an entire farm. Further, if water supplies are not clean,
the harvest can suffer. For instance, according to Robert
Rosenberry of Shrimp News International, shrimp produc-
tion in China has fallen about 70 percent because of in-
dustrial pollution and poor water management (a loss of
about $1 billion). Marine farms can also pollute if there is
not enough circulation: fish feces and food can accumu-
late on the bottom and wipe out the benthic communities
needed to filter the water.

Pollution emanating from these sites and the movement
of diseases across ecosystems have turned some environ-
mentalists off aquaculture. In their view, contamination is
not the only problem. Marine aquaculture has contributed
to the destruction of coastal wetlands, and many are con-
cerned that carefully bred farm fish may escape and mate
with wild stocks—raising the possibility that they could
threaten biodiversity by limiting the gene pool.

Nevertheless, these woes may be addressed by the grow-
ing recognition that aquaculture, like any form of agricul-
ture, must become sustainable. The environmental con-
cerns are also seemingly outweighed by the potential of
aquaculture to alleviate the demand for ocean fish and the
diminishing wild stock. In fact, Rosenberry says, in terms
of shrimp, it has already taken pressure off. —The Editors

of interest is large—for example, in pre-
serving the plants that inhabit grass-
lands or tropical forests. This strategy
also maintains species that play symbi-
otic or associative roles—interactions
that may prove economically important
as well.

Farmers in the next century, perhaps
above all others, will welcome biodiver-
sity because its practical applications
may be as close as the next growing
season. But if they are to utilize newly
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created varieties to their fullest extent,
they must also guard the health of the
environment in which food crops grow.

A Good Working Environment

n the past, half the dramatic improve-
ments in yield have come through
the use of more fertilizers, more pesti-
cides and more irrigation. But further
increasing the amounts of such addi-
tions is not a formula to follow indefi-
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nitely. Farmers in the 21st century will
have to acquire a new mind-set to man-
age their land as well as the nutrients
and organic matter it contains. This
precept is especially true for farmers in
developing countries, for whom imme-
diacy normally rules most decisions.

In developed countries with temper-
ate climates, many agricultural research-
ers are cautiously optimistic that farm-
ers can reduce their use of chemicals
and lower costs by better managing the
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actions. Several such “deci-
sion support systems” are

now under development to
aid farmers with soil man-
agement. Most advanced are
systems for handling phos-
phorus deficiency and high
acidity, but others are in the
offing. These computer appli-
cations not only present an
expert analysis of what is
known and the effect a certain
management approach might
produce, but they also can
identify key gaps in knowl-
edge that might be addressed

MARIA SUTTON
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water. Such climates tend to
foster diseases and pests that
have traditionally been diffi-
cult to control without broad-
ly active chemicals—agents
that may ultimately compro-
mise the environment.

Research can help by bringing a bet-
ter understanding of the biology and
ecology on tropical farms—the soil bio-
ta, plant nutrient requirements, inter-
actions with insects and pathogens—
and these results should suggest more
sustainable practices. In time, the range
of advancement possible through bet-
ter science could be enormous. In many
cases, however, the people farming the
land may be too poor to accept any
new method very readily.

Societies concerned with protecting
the environment need to find ways to
raise the incentives for farmers to turn
to measures that might conserve re-
sources. Better financial and bureau-
cratic support, for instance, might give
farmers the impetus they need to adopt
sustainable methods. Such changes
would greatly improve the outlook for
agriculture in developing nations. But
social investments there need also to be
coupled with continued research: the
challenges for science in devising ap-
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LAND SPARED in India increases with improvement in the
vield of wheat varieties. The upper line (orange) represents
the growing area that would have had to be dedicated to
farming, assuming yields remained at 1960s’ levels. Actual
usage over three decades is shown in green.

propriate and effective farm manage-
ment practices in the developing world
are still immense.

New Farm Implements

griculture of the 21st century will
see a range of novel diagnostic
tools that carry the power of modern
science to all levels of decision making.
Biological test kits should become avail-
able for identifying viruses and other
diseases on the spot, bringing sophisti-
cated biotechnology right into farmers’
fields. Although such innovations will
first appear in high-income countries,
we see expanding opportunities for
their application in poorer nations as
well, both in guiding research and, ulti-
mately, in helping farmers manage their
Crops.

A noteworthy advance in agricultural
technology will be expert computer sys-
tems that combine knowledge from
many disciplines to help guide farmers’

1993.
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by further data collection.

The strength of expert sys-
tems is that they can combine
scientific principles with in-
digenous farming knowledge.
A weakness is that they may
not provide reliable answers
for situations that evolve
rapidly. Another approach,
involving numerical simulations, can
better deal with continuously changing
effects such as weather. The aim now is
to integrate expert systems and simula-
tion models. As this goal is accom-
plished, farmers will increasingly use
computer-based tools to help control
pests, reduce water consumption and
manage many different kinds of crops.

By fashioning new tools for farmers,
science will have much to say about
how sustainable agriculture will be prac-
ticed over the next several decades. In
developed countries, scientific advanc-
es will bring greater productivity and
lower costs, will help protect land and
water and thus will ensure adequate
stocks of food and fiber for the next
century. In poorer countries, science-
based technologies will undoubtedly be
harder to introduce. Ultimately, howev-
er, they will be even more crucial in
coping with marginal farm productivity
and environmental destruction—and
with poverty itself.
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Commentary

Outline for an
Ecological Economy

Countries can indeed prosper while
protecting their environment

by Heinrich von Lersner

harged with looking

after the health of Ger-

many’s land, air and
water, I have discovered what
anyone involved with the en-
vironment knows: it is diffi-
cult to predict the future.
Nevertheless, it seems safe to
forecast that advancements
in technology will prove cru-
cial for protecting the planet
during the 21st century. And,
most probably, Germany will remain among those countries
leading the movement to find and apply such solutions.

Perhaps foremost in aiding the environment will be im-
provements in the generation and conversion of energy. Here
the state of the art has been advancing rapidly. For instance,
one now finds—even in central Europe—houses that can de-
rive their energy exclusively from the sun, and it would seem
likely that the trend toward self-sufficient dwellings will con-
tinue. Alongside that progress, improvements in transporta-
tion should drastically reduce the number of individually
owned motor vehicles on the roads of developed nations.
That change will further decrease overall energy consumption.

Like petroleum supplies today, freshwater will become a
highly cherished commodity. Thus, new methods will be craft-
ed so that industry can make do with a smaller amount of
water by contaminating it less and recycling it more. Textile
manufacturers in Germany have, for example, adopted equip-
ment to filter chemical additives from wastewater. Because
the filtrate and water are both reused, the effort not only
helped the environment, it also proved economical enough
to pay for the pollution-control equipment in 18 months.

But the real challenge in the next century will not be so
much with industry as with agriculture. Better devices to de-
salinize water, transport it long distances and irrigate with it
while avoiding wasteful evaporation will be particularly crit-
ical for people living in arid regions. Indeed, such technical
advances in water management may help recover and pro-
tect arable land throughout the world.

Just as with the earth’s land and water, the atmosphere
needs to be scrupulously guarded. Efforts in that direction
are in their formative stages. For example, the signatories of
the Rio Convention accords limiting greenhouse gas emis-
sions to the atmosphere met in the spring of 1995 in Berlin to
move the treaty forward. Although the group did not forge
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satisfactory international law, those discussions gave in-
creased impetus to finding means that might stabilize carbon
dioxide output in the developed world and prevent its rapid
growth in less industrialized countries.

Technical improvements should indeed help protect the
environment from continued assault, but they must also serve
to remedy past neglect. In Germany, as in many other devel-
oped countries, society has inherited substantial burdens:
dangerous wastes were often handled improperly. Much of
our land is afflicted with chemicals that it cannot break down,
and these substances are now polluting our food and water.
In the past few years the German government has tried to ad-
dress this legacy by developing a number of techniques for
cleaning contaminated soil, including biological and thermal
methods to degrade toxins.

Although successful in many respects, efforts to clean up
waste sites frequently prove to be slow and expensive. Our
strategy for the next millennium will therefore be to avoid
creating such difficulties wherever possible. Substances des-
tined for disposal in the 21st century will have to meet strict
criteria so that they do not pose a danger to future genera-
tions. This concern may require that waste first be treated—
for example, by thermal processes that combine carboniza-
tion at low temperatures and incineration at high tempera-
tures. Such advanced thermal methods are soon to be applied
in Germany.

ut better disposal schemes alone will not suffice to solve

the fundamental problem of waste. Manufacturers will
have to produce items that ensure, from start to finish, an
environmentally compatible cycle. Advanced methods, such
as “near net shape manufacturing,” will cut waste by limiting
the amount of machining needed for specialized parts. Com-
plex items will be built to be separated neatly and easily into
their components when the product is retired from use, and
those pieces will be marked so that they can be identified
electronically to facilitate their recycling. The technology for
the separation of mixed materials will develop further, and
factory production will become more and more efficient in
its use of recycled materials. One can expect to see this evo-
lution toward a closed-cycle economy accelerate as manu-
facturers are held legally and financially responsible for the
ultimate disposability of their products—a revolutionary
concept that is now beginning to be implemented in our
country.

The situation in Germany serves to demonstrate that the
most economically and ecologically successful nations today
are those with liberal, market-oriented economies. But these
places will continue to prosper only if industrialists, mer-
chants and consumers all make it a priority to act in an eco-
logically responsible manner. Indeed, advanced countries that
can maintain continued economic growth along with careful
environmental stewardship in the 21st century will serve as
compelling examples for the remainder of the world.

With the increasing human population and its demand for
resources, environmental protection will face a host of chal-
lenges. But, to borrow a sentiment from Russell Train, former
administrator of the U.S. Environmental Protection Agency,
the greatest demand in the future will not be for coal, oil or
natural gas; it will be for the time we need to adapt our laws,
behaviors and technologies to the new requirements.

HEINRICH VON LERSNER is president of Umweltbunde-

samt in Berlin, the German government equivalent of the U.S.
Environmental Protection Agency.
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Technology will not
solve all our problems.
It may even create some.
But, despite its short-
comings, it continues
to offer us ever more
ways to work, play, and
order our lives.
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Technology

Infrastructure

Industrial advances will depend
on setting new standards

by Arati Prabhakar

he dictionary defines
I “infrastructure” as an
underlying foundation.
In society, that means such
basic installations as roads,
power grids and communica-
tions systems. It is the stuff
we take for granted, at least
when it works. Because this
support is often out of sight,
its essential role tends to be
out of mind. For the most
part, it should be. As technology advances, however, the in-
frastructure must evolve as well. Thus, now is the time to
think about the enabling tools and underpinning technolo-
gies that will be needed in the next century.

The information revolution and global marketplace are de-
manding an increasingly diverse array of infrastructural tech-
nologies. When the National Bureau of Standards—now the
National Institute of Standards and Technology (NIST)—was
founded in the U.S. at the turn of the century, its mission was
to create measurement standards so that items such as auto-
mobiles could be mass-produced most efficiently. For the au-
tomotive industry today, such guidelines pertain to far more
than the sizes of interchangeable parts. To analyze properly
the chemical composition of a car’s exhaust, standardized
samples of carbon monoxide and nitrous oxides, among oth-
er gases, are needed. So, too, thermocouples, which feed tem-
perature readings into a car’s microprocessor-based engine
controller, must be made according to strict specifications
so that their signals are accurate.

In a decade the automotive infrastructure will have expand-
ed even more. Cars will very likely be designed and manufac-
tured using standardized product data exchange specifica-
tions (PDES). Over computer networks, these digital blue-
prints will pass like relay batons between designers and
engineers, making it easier to simulate the performance of
sundry auto parts before they are made. Standardized for-
mats for these specifications should also allow for more ag-
ile manufacturing practices, making it economically feasible
to produce more custom-tailored models.

In addition, future cars may contain more parts made from
composite materials, including mixes of polymers and ceram-
ic reinforcements. These substitutes are as strong as steel
yet much lighter. Hence, they could yield highly fuel-efficient,
clean vehicles. Such materials were originally devised for de-
fense applications; at the moment, they are too expensive to
use in large amounts in automotive manufacturing. But the
Advanced Technology Program (ATP)—unfolding at many
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high-tech companies in partnership with NIST—aims to de-
velop affordable, high-performance varieties of composites.
Companies that are arch rivals outside the ATP framework
are now collaborating toward this end. ATP is enabling the
industry as a whole to pursue this promising technology,
which is too risky for any one company to take on.

Looking even further ahead, a variety of powerful sensors,
computers and communications devices may innervate cars,
roads, bridges and traffic management systems. Some of
these additions may result from new chip designs that will
themselves require new infrastructural technologies. Micro-
processor chips, for example, will soon have parts only about
0.25 micron in size, putting them in the realm of large viruses.
Innovations in microlithography and other microfabrication
techniques should soon lower that scale to 0.1 micron or
less—at which point new measuring devices will be needed.

NIST has already begun testing one such device, the Molec-
ular Measuring Machine, or M3. This instrument can map
out subatomic detail over an area the size of a credit card.
Equipped with the M3, semiconductor manufacturers will be
able to trace their measurements to references that are accu-
rate to within less than 2.5 nanometers (or the width of about
eight water molecules in a row). Such precision will assist in
continuing efforts to shrink the size of integrated circuits
and to increase the power of devices that contain them.

A team at NIST has worked on the hardware and software
for the M3 since 1987. To minimize errors caused by vibra-
tions or temperature changes, the tiny probe at the heart of
the instrument—a sophisticated scanning tunneling micro-
scope—is housed within a basketball-size copper sphere; this
sphere is then nested within a series of successively larger
shells. A computer system uses laser interferometers, a me-
ticulously machined sliding carriage and piezoelectric flex-
ing elements to produce controllable displacements as small
as 0.075 nanometer (or less than the diameter of a hydrogen
atom). To validate the machine’s performance for these mi-
nute motions, the team will turn to a nanoruler: an atomi-
cally smooth surface of a crystal such as tungsten diselen-
ide. The accurately measured distance between single atoms
in this crystal can serve as the ruler’s gradations. Also, be-
cause the crystal is flat over an uncommonly large area, it
can serve as an ultrahigh-accuracy geometry reference for
M3, much as a square does for a machinist.

O n long road trips, your children might be entertained by
electronic and communications devices manufactured
with the help of M3. To that end, the infrastructure of the
coming century will probably include digital video standards
so that interactive programs can be broadcast over complex
information networks. Another focused program within the
ATP is bringing together the many different players who
hope to make this scenario real.

The list goes on. Workers are trying to devise fingerprint-
or face-recognition systems that could allow you to enter
your car quickly and easily without a key. Such systems will
call for sophisticated software algorithms, however: they will
need to recognize the same fingerprint, for example, even
when its appearance varies slightly from one press to the
next. Vendors and buyers will need standard benchmarks to
compare the performance of these future software programs.
Benchmarks will also be needed to judge the quality of labo-
ratories doing genetic testing and other biotechnology-based
analyses. Such procedures will probably be far more com-
monplace in 21st-century clinical settings than they are now.

Adam Smith wrote two centuries ago in The Wealth of Na-
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tions that the state is responsible for “erecting and maintain-
ing those public institutions and those public works, which
though they may be in the highest degree advantageous to a
great society, are, however, of such a nature, that the profit
could never repay the expense to any individual or small
number of individuals, and which it, therefore, cannot be ex-
pected that any individual or small number of individuals
should erect or maintain.” These words have never been
more true.

ARATI PRABHAKAR is director of the National Institute of
Standards and Technology in Gaithersburg, Md. She received

her Ph.D. in applied physics from the California Institute of
Technology in 1984.

Designing
the Future

Too frequently, product designers
disregard the psychology of the user

by Donald A. Norman

r I Yhe difficulty of pro-
gramming videocassette
recorders has become a

worldwide joke. “I'm a rocket

scientist,” one engineer com-
plained to me. “I design mis-
sile systems, but I can't figure
out how to program my VCR.”
Why is it that we sometimes
have so much trouble working
apparently simple things, such
as doors and light switches,
water faucets and thermostats, to say nothing of computers
and automated factory equipment? The answer lies not with
the hapless user but with designers who fail to think about
products from the operator’s point of view. The steps re-
quired to run modern devices frequently seem arbitrary and
capricious often because they are indeed confusing.
Although most problems arise with electronic equipment,
certain fundamental design flaws can be illustrated with sim-
ple mechanical objects. Consider the door. With most doors,
there are only two possible actions: push or pull. But which?
Where? Poorly designed doors turn the operation into a guess-
ing game, requiring the posting of signs to indicate the ap-
propriate action. Now suppose a door had a flat metal panel
along one side. The panel by itself would essentially say, “Push
here.” You would immediately know how to proceed, because
the maker included a visible cue to the door’s operation. The
best cues offer an intuitive indication of the things you can
do with an object—what James J. Gibson of Cornell Universi-
ty had termed the object’s “affordances.” In general, if a sim-
ple piece of equipment such as a door or a kitchen stove re-

quires labeling, that need is a sign of design failure. Wonder-

194 SCIENTIFIC AMERICAN September 1995

ful capabilities become meaningless if they are hard to dis-
cover and use.

Providing unambiguous cues to the operation of a device
is only one part of good design. A few other, related princi-
ples need to be invoked as well. First, people can manipulate
things better when they understand the logic behind how the
objects work. Designers can help convey this information by
giving users a “conceptual model,” or a simple way to think
about how the device operates. For example, the modern
computer often labels stored information as being in files and
folders, as if our central processing units contained metal cab-
inets in which manila files were stuffed into hanging green
folders. Of course, there are no physical files or folders in-
side the computer, but this model helps users understand
how to save and retrieve their work.

Second, each operation should be followed promptly by
some sort of feedback that indicates the operation was suc-
cessful, even in cases where the output is not immediately
apparent. The spinning clock or hourglass displayed by
some computer systems is useful for indicating that a com-
mand was understood but that its instructions will take
some time to complete.

Finally, the controls on a machine should be positioned in a
way that correlates with their effects. On well-designed stoves,
for example, if the burners are arranged in a rectangular pat-
tern, the controls should also be arranged in a rectangular
pattern, so the left rear control operates the left rear burner,
and so on. Today most stoves have the burners arranged in
a rectangle with their controls in a line: no wonder people
frequently make mistakes, despite the labels.

As automation increases, the need to apply such principles
becomes more urgent. Once upon a time, technology was
mostly mechanical. Everything was built of levers, gears, cogs
and wheels. Workers who operated tools could view many of
the parts and could see the effects of their actions. People had
some hope of understanding how large machinery and small
gadgets worked, because the parts were visible. The opera-
tion of modern machines and the concepts behind their de-
sign are invisible and abstract. There may be nothing to see,
nothing to guide understanding. Consequently, workers know
less and less about the inner workings of the systems under
their control, and they are at an immediate disadvantage
when trouble erupts.

S uch alienation has startling effects: most industrial and
aviation accidents today are attributed to human error.
When the majority of accidents stem from mistakes made
by operators, the finding is a sign that the equipment is not
designed appropriately for the people who must use it. Many
manufacturers—and much of society—still follow the “blame
and train” philosophy: when an accident occurs, blame the
operators and retrain them. A more appropriate response
would be to redesign devices in a way that minimizes the
chance for error in the first place. And when errors do occur,
the machinery should ensure that the mistakes are readily
caught and corrected before they do damage. Most technolo-
gists do not have the proper training or knowledge needed
to design such error-resistant systems. To cope with this gap,
a discipline in applied cognitive science—variously called hu-
man factors, ergonomics or cognitive engineering—has aris-
en. Scientists in this field develop design concepts empha-
sizing the mental rather than physical side of design.

As the articles in this issue attest, we are in the midst of a
sweeping technological transformation. But this revolution
is also a human and social one. The great promised advanc-
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es in knowledge, communications, cooperative work, educa-
tion and entertainment will come about only if the technolo-
gy truly fits the needs and capabilities of its users. To make
technology that fits human beings, it is necessary to study
human beings. But now we tend to study only the technology.
As a result, people are required to conform to technology. It
is time to reverse this trend, time to make technology con-
form to people.

DONALD A. NORMAN is professor emeritus of cognitive
science at the University of California, San Diego, and vice
president of advanced technology at Apple Computer, Inc.

Currently he is applying human-centered design principles
to the design of computer systems.

Digital Literacy

Multimedia will require equal
facility in word, image and sound

by Richard A. Lanham

he word “literacy,”

I meaning the ability to
read and write, has
gradually extended its grasp
in the digital age until it has
come to mean the ability to
understand information, how-
ever presented. Increasingly,
information is being offered
in a new way: instead of black
letters printed on a white
page, the new format blends
words with recorded sounds and images into a rich and vola-
tile mixture. The ingredients of this combination, which has
come to be called multimedia, are not new, but the recipe is.

New, too, is the mixture’s intrinsic volatility. Print captures
utterance—the words are frozen on the page. This fixity con-
fers authority and sometimes even timeless immortality.
That is why we value it, want to get things down in “black-
and-white,” write a sonnet, in Horace’s words, “more lasting
than bronze.” The multimedia signal puts utterance back into
time: the reader can change it, reformat and rescale it, trans-
form the images, sounds and words. And yet, at the end of
these elegant variations, the original can be summoned back
with a keystroke.

Print literacy aimed to pin down information; multimedia
literacy couples fixity and novelty in a fertile oscillation. Con-
trary to the proverbial wisdom, in a digital universe you can
eat your cake and have it, too: keep your original and digest
it on your own terms. And because digital code is replicable
without material cost, you can give your cake away as well.

Printed books created the modern idea of “intellectual
property” because they were fixed in form and difficult to
replicate. One could therefore sell and own them, and the
livelihoods of printer and author could be sustained. This
copyright structure dissolves when we introduce the change-
able multimedia signal. We will have to invent another scaf-
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folding to fit the new literacy. Judging from the early signs,
it won’t be easy.

There is one other way in which digital flexibility is radical.
If we ask, looking through the wide-angle lens of Western cul-
tural history, “What does multimedia literacy do?”, a surpris-
ingly focused answer comes back. It recaptures the expres-
sivity of oral cultures, which printed books, and handwritten
manuscripts before them, excluded.

In writing this text, for example, I have been trying to create
a credible “speaking voice,” to convince you that I am a per-
son of sense and restraint. Now imagine that you can “click”
on an “author box.” I appear as a moving image, walk into
the margin and start to speak, commenting on my own argu-
ment, elaborating it, underlining it with my voice, gesture and
dress—as can happen nowadays in a multimedia text.

What has changed? Many of the clues we use in the oral
culture of daily life, the intuitive stylistic judgments that we
depend on, have returned. You can see me for yourself. You
can hear my voice. You can feed that voice back into the voice-
less prose and thus animate it. Yet the writing remains as
well. You can see the author with stereoscopic depth, speak-
ing in a space both literate and oral.

Oral cultures and literate cultures go by very different sets
of rules. They observe different senses of time, as you will
speedily understand if you listen to one of Fidel Castro’s four-
hour speeches. Oral cultures prolong discourse because, with-
out it, they cease to be; they exist only in time. But writing
compresses time. An author crams years of work into some
300 pages that the reader may experience in a single day.

Oral and literate cultures create different senses of self and
society, too. The private reflective self created by reading dif-
fers profoundly from the unselfconscious social role played
by participants in a culture that knows no writing. Literacy
allows us to see human society in formal terms that are de-
nied to an oral culture that just plays out its drama.

The oral and written ways of being in the world have con-
tended rancorously throughout Western history, the rancor
being driven more often than not by literate prejudice against
the oral rules. Now the great gulf in communication and in
cultural organization that was opened up by unchanging let-
ters on a static surface promises to be healed by a new kind
of literacy, one that orchestrates these differences in a signal
at the same time more energizing and more irenic than the
literacy of print.

f we exchange our wide-angle cultural lens for a close-up,

we can observe the fundamental difference between the
two kinds of literacies. In the world of print, the idea and its
expression are virtually one. The meaning takes the form of
words; words generate the meaning. Digital literacy works in
an inherently different way. The same digital code that ex-
presses words and numbers can, if the parameters of expres-
sion are adjusted, generate sounds and images. This para-
metric variation stands at the center of digital expressivity, a
role it could never play in print.

The multiple facets of this digital signal constitute the core
difference between the two media, which our efforts in data
visualization and sonification have scarcely begun to ex-
plore. If we think of the institutional practices built on the
separation of words, images and sounds—such as separate
departments for literature, art and music—we can glimpse
the profound changes that will come when we put them back
together.

To be deeply literate in the digital world means being skilled
at deciphering complex images and sounds as well as the
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syntactical subtleties of words. Above all, it means being at
home in a shifting mixture of words, images and sounds. Mul-
timedia literacy makes us all skilled operagoers: it requires
that we be very quick on our feet in moving from one kind
of medium to another. We must know what kinds of expres-
sion fit what kinds of knowledge and become skilled at pre-
senting our information in the medium that our audience
will find easiest to understand.

We all know people who learn well from books and others
who learn by hands-on experience; others, as we say in mu-
sic, “learn by ear.” Digital literacy greatly enhances our abili-
ty to suit the medium both to the information being offered
and to the audience. Looked at one way, this new sensory
targeting makes communication more efficient. Looked at
another, it simply makes it more fun.

The multimedia mixture of talents was last advanced as an
aristocratic ideal by the Renaissance humanists. The courtly
lord and lady were equally accomplished in poetry, music
and art. The Renaissance ideal now presents itself, broad-
ened in scope and coarsened in fiber perhaps, as the com-
mon core of citizenship in an information society.

At its heart, the new digital literacy is thus profoundly dem-
ocratic. It insists that the rich mixture of perceptive talents
once thought to distinguish a ruling aristocracy must now be
extended to everyone. It thus embodies fully the inevitable
failures, and the extravagant hope, of democracy itself.

RICHARD A. LANHAM is the author of several books on lit-
erary criticism and prose stylistics. His latest, The Electronic
Word, was published simultaneously on paper and laser disc.
He is professor emeritus of English at the University of Cali-

fornia, Los Angeles, and president of Rhetorica, Inc., a media
production company.

The Information
Economy

How much will two bits be worth
in the digital marketplace?

by Hal R. Varian

dvances in computers
and data networks in-
spire visions of a fu-

ture “information economy”
in which everyone will have ac-
cess to gigabytes of all kinds
of information anywhere and
anytime. But information has
always been a notoriously dif-
ficult commodity to deal with,
and, in some ways, comput-
ers and high-speed networks
make the problems of buying, selling and distributing infor-
mation goods worse rather than better.
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To start with, the very abundance of digital data exacer-
bates the most fundamental constraint on information com-
merce—the limits of human comprehension. As Nobel laure-
ate economist Herbert A. Simon puts it: “What information
consumes is rather obvious: it consumes the attention of its
recipients. Hence a wealth of information creates a poverty
of attention, and a need to allocate that attention efficiently
among the overabundance of information sources that might
consume it.” Technology for producing and distributing in-
formation is useless without some way to locate, filter, orga-
nize and summarize it. A new profession of “information
managers” will have to combine the skills of computer scien-
tists, librarians, publishers and database experts to help us
discover and manage information. These human agents will
work with software agents that specialize in manipulating in-
formation—offspring of indexing programs such as Archie,
Veronica and various “World Wide Web crawlers” that aid In-
ternet navigators today.

The evolution of the Internet itself poses serious problems.
Now that the Internet has been privatized, several companies
are competing to provide the backbones that will carry traf-
fic between different local networks, but workable business
models for interconnection—who pays how much for each
packet transmitted, for example—have yet to be developed.
If interconnection standards are developed that make it
cheap and easy to transmit information across independent
networks, competition will flourish. If technical or economic
factors make interconnection difficult, so that transmitting
data across multiple networks is expensive or too slow, the
largest suppliers can offer a significant performance advan-
tage; they may be able to use this edge to drive out competi-
tors and monopolize the market.

Similar problems arise at the level of the information goods
themselves. There is a growing need for open standards for
formats used to represent text, images, video and other col-
lections of data, so that one producer’s data will be accessi-
ble to another’s software. As with physical links, it is not yet
clear how to make sure companies have the right economic
incentives to negotiate widely usable standards.

n addition to standards for the distribution and manipula-

tion of information, we must develop standards for net-
worked economic transactions: the actual exchange of mon-
ey for digital goods. There are already more than a dozen
proposals for ways to conduct secure financial transactions
on the Internet. Some of them, such as the DigiCash system,
involve complex encryption techniques; others, such as that
used by First Virtual, are much simpler. Many of these proto-
cols are implemented entirely in software; others enlist spe-
cialized hardware to support electronic transactions. “Smart”
credit cards with chips embedded in them can perform a va-
riety of authentication and accounting tasks.

Even when the financial infrastructure becomes widely
available, there is still the question of how digital commodi-
ties will be priced. Will data be rented or sold? Will articles
be bundled together, as is done today in magazines and news-
papers, or will consumers purchase information on an arti-
cle-by-article basis? Will users subscribe to information ser-
vices, or will they be able to buy data spontaneously? How
will payment be divided among the various parties involved
in the transaction, such as authors, publishers, libraries, on-
line services and so on? Not one of these questions has a de-
finitive answer, and it is likely that many market experiments
will fail before viable solutions emerge.

The shared nature of information technology makes it crit-
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ical to address issues of standardization and interoperability
sooner rather than later. Each consumer’s willingness to use
a particular piece of technology—such as the Internet—de-
pends strongly on the number of other users. New commu-
nications tools, such as fax machines, VCRs and the Internet
itself, have typically started out with long periods of relative-
ly low use followed by exponential growth, which implies that
changes are much cheaper and easier to make in the early
stages. Furthermore, once a particular technology has pene-
trated a significant portion of the market, it may be very dif-
ficult to dislodge. Fortunes in the computer industry have
been made and lost from the recognition that people do not
want to switch to a new piece of hardware or software—even
if it is demonstrably superior—because they will lose both
the time they have invested in the old ways and the ability to
share data easily with others. If buyers, sellers and distribu-
tors of information goods make the wrong choices now, re-
pairing the damage later could be very costly.

his discussion about managing, distributing and trading

in information is overshadowed by the more fundamen-
tal issue of how much data authors and publishers will be
willing to make available in electronic form. If intellectual
property protection is too lax, there may be inadequate in-
centives to produce new electronic works; conversely, if pro-
tection is too strict, it may impede the free flow and fair use
of information. A compromise position must be found some-
where between those who suggest that all information should
be free and those who advocate laws against the electronic
equivalent of browsing at a magazine rack.

Extending existing copyright and patent law to apply to
digital technologies can only be a stopgap measure. Law ap-
propriate for the paper-based technology of the 18th century
will not be adequate to cope with the digital technology of
the 21st; already the proliferation of litigation over software
patents and even over the shape of computer-screen trash
cans makes the need for wholesale revisions apparent.

Computer scientists have been investigating various forms
of copy protection that could be used to enforce whatever le-
gal rules may be put into place. Although such protection of-
ten inconveniences users and requires additional hardware
and software, ubiquitous network access and more powerful
machines may eventually allow for unobtrusive and effective
protection. File servers, for example, can track who owes how
much to whom for the use of particular information, and
documents can be subtly encoded so that investigators can
trace the provenance of illicit copies.

Faced with such a daunting list of problems, one might be
led to question whether a viable information economy will
ever take shape, but I believe there are grounds for optimism.
During the 1980s, 28,000 for-profit information libraries
sprang up in the U.S. alone. Every week more than 50 million
people visit these facilities, where they can rent 100 gigabytes
of information for only two or three dollars a day.

Although these video rental stores faced many of the same
problems of standards, intellectual-property protection, and
pricing that the Internet faces today, the industry grew from
nothing to $10 billion a year in only a decade. Ten years from
now we may find the economic institutions of the information
economy a similarly unremarkable part of our day-to-day life.

HAL R. VARIAN is dean of the School of Information Man-
agement and Systems at the University of California, Berke-
ley, where he studies the emerging institutions of the electron-
ic marketplace.
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The Emperor’s
New Workplace

Information technology evolves
more quickly than behavior

by Shoshana Zuboff

ccording to the U.S. De-
partment of Commerce,
1990 was the first year
capital spending on the infor-
mation economy—that is, on
computers and telecommuni-
cations equipment—exceeded
capital spending on all other
parts of the nation’s industri-
al infrastructure. Scholars
and commentators have cited
these data as evidence the
U.S. economy is now firmly rooted in the information age.
They routinely declare that an “information economy” has
replaced the industrial economy that dominated most of the
20th century. I heartily dissent.

In a true information economy, information is the core re-
source for creating wealth. Constructing such an economy
demands more than just a proliferation of computers and
data networks. It requires a new moral vision of what it means
to be a member of an organization and a revised social con-
tract that binds members of a firm together in ways radical-
ly different from those of the past. So far patterns of morali-
ty, sociality and feeling are evolving much more slowly than
technology. Yet without them, the notion of an information
economy is much like the foolish emperor of the fairy tale,
naked and at risk.

A historical perspective makes the problem clearer. Early
in the 20th century an organizational form—the functional
hierarchy—was invented to meet the business challenges of
increasing throughput and lowering unit costs. Business pro-
cesses were divided into separate functions—manufacturing,
engineering, sales and so on. Other innovative features in-
cluded mass-production techniques, the minute fragmenta-
tion of tasks, the professionalization of management, the
growth of the managerial hierarchy to standardize and con-
trol operations, and the simplification and delegation of ad-
ministrative functions to a newly contrived clerical workforce.
Collectively, these components were incredibly successful;
they came to define the modern workplace.

The industrial hierarchy rested on the premise that com-
plexity could constantly be removed from lower level jobs
and passed up to the management ranks. That is, clerks and
factory workers became progressively less involved in the
overall business of a firm as their jobs were narrowed and
stripped of opportunities to exercise judgment. Automation
was a primary means of accomplishing this. Meanwhile the
manager’s role evolved as guardian of the organization’s cen-
tralized knowledge base. His legitimate authority derived
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from being credited as someone fit to receive, interpret and
communicate orders based on the command of information.

We have come to accept that a managerial hierarchy oper-
ating in this way reflects a reasonable division of labor. We
are less comfortable discussing the moral vision at its heart,
something I call the “division of love.” I suggest that the man-
agerial hierarchy drew life not only from considerations of its
efficiency but also from the ways in which some members of
the organization were valued and others devalued.

n the brave new age of the information economy, this sys-

tem cannot hold. Mass-market approaches have been forced
to give way to a highly differentiated and often information-
saturated marketplace in which firms must distinguish them-
selves through the value they add in response to customers’
priorities. Information technologies now provide the means
for generating such value with speed and efficiency.

Doing so means using the modern information infrastruc-
ture to cope with the complexities of a business outside a
central managerial cadre. It is more efficient to handle com-
plexity wherever and whenever it first enters the organiza-
tion—whether during a sale, during delivery or in production.

This approach is now possible because of the way the
unique characteristics of information technologies can trans-
form work at every organizational level. Initially, most peo-
ple regarded computers in the workplace as the next phase
of automation. But whereas automation effectively hid many
operations of the overall enterprise from individual workers,
information technology tends to illuminate them. It can quick-
ly give any employee a comprehensive view of the entire busi-
ness or nearly infinite detail on any of its aspects.

I coined the word “informate” to describe this action. These
technologies informate as well as automate: they surrender
knowledge to anyone with the skills to access and understand
it. Earlier generations of machines decreased the complexity
of tasks. In contrast, information technologies can increase
the intellectual content of work at all levels. Work comes to
depend on an ability to understand, respond to, manage and
create value from information. Thus, efficient operations in
the informated workplace require a more equitable distribu-
tion of knowledge and authority. The transformation of in-
formation into wealth means that more members of the firm
must be given opportunities to know more and to do more.

To avail themselves of the opportunities, firms must be
prepared to drive a stake into the heart of the old division of
labor (and the division of love sustaining it). Exploiting the
informated environment means opening the information
base of the organization to members at every level, assuring
that each has the knowledge, skills and authority to engage
with the information productively. This revamped social
contract would redefine who people are at work, what they
can know and what they can do.

The successful reinvention of the firm consistent with the
demands of an information economy will continue to be trag-
ically limited as long as the principal features of modern work
are preserved. Unlocking the promise of an information econ-
omy now depends on dismantling the very same managerial
hierarchy that once brought greatness. Only then can the em-
peror come in from the cold, because we will have found the
way to clothe him.

SHOSHANA ZUBOFF has written extensively about how
computers will affect the future of work. She is Benjamin and
Lillian Hertzberg Professor of Business Administration at Har-
vard Business School.
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What Technology
Alone Cannot Do

Technology will not provide us all
with health, wealth and big TVs

by Robert W. Lucky

r I Yhe subway sways and
creaks as it travels away
from Manhattan on the

elevated tracks through

Queens. Looking at the pass-

ing cityscape, I see the famil-

iar skeletal steel of the Uni-
sphere rising above the apart-
ment buildings like some
dark moon. As the subway
rushes toward that rusting
remnant of the 1964 World’s

Fair, I am transported in memory back to my eager visits

there as a young technologist. I see again through youthful

eyes the excitement and the promises for the future made in
the exhibitions of that now demolished fair.

Surely every reader remembers some similar experience—
an exposition, an exhibit or a theme park portraying a glit-
tering technological future, where smiling people clustered
around large television sets in solar homes that required no
maintenance. As this standard demographic family basked
in the glow of mindless electronic entertainment, “smart”
toasters and robot vacuum cleaners hummed subserviently
in the background. Even the standard demographic dog
watched attentively, sporting a slight smile of superiority.

I remember the vision of a future in which drudgery had
been eliminated, where everyone had health and wealth and
where our chief preoccupation had become filling the void
of expanding leisure time. Life had become effortless and
joyful, and science and technology had made it all possible.
Like most visitors, I suppose, I was caught up in the eupho-
ria of that vision and believed in it completely.

The subway rounds a bend, and the sudden jolt brings me
back to the present. I am once again enveloped in the micro-
cosm of contemporary society randomly gathered in the
drab confines of the rushing car. Where is that World’s Fair
family today, I wonder? What happened to those plastic peo-
ple with their plastic home and their plastic lives? Surely
none of my fellow passengers fit their description. These
people look as though they have experienced continuous
drudgery. The group seems to be divided into two nonover-
lapping categories—those with no leisure time and those
with nothing but leisure time. If technology was going to
solve their problems, then technology has apparently failed.

Even as I consider that possibility, though, I vehemently
reject it. What we accomplished in the three decades since
that fair closed went far, far beyond the most outrageous
projections we could have then conceived: we walked on the
moon; we brought back pictures from the farthest reaches
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of the solar system and from orbiting telescopes peering
into the very origins of the universe; we blanketed the earth
with fiber-optic links and networked the planet with high-
speed digital communications; we created microchips con-
taining millions of transistors and costing so little that many
homes could have a computer more powerful than the main-
frames of that earlier day; we unraveled DNA and probed
the fundamental building blocks of nature. No, science and
technology did not fail. They just weren't enough.

There is a simplistic notion, which is crystallized in exhibi-
tions such as World’s Fairs, that we can invent the future.
Alas, it does not seem to be so. Those awesome scientific de-
velopments of the past three decades have apparently
missed my subway companions. Life’s everyday problems,
as well as the deeper problems of the human condition,
seem resistant to quick technological fixes. The solutions
shown in that forgotten World’s Fair now appear at best
naive or superficial, if not misleading or just plain wrong.
Nevertheless, if you visit a similar exhibit today, I am sure it
will acquire over time these same attributes.

If we could go back to 1964 and create in retrospect an ex-
hibition of the future, what would we now include? Certainly
the scientific accomplishments would deserve mention, but
they would be framed in a social context. In our imaginary
fair we would shock our disbelieving visitors by predicting
the end of the cold war and the disintegration of the Soviet
Union. We would say that nuclear missiles would cease to
occupy people’s fears but that, unfortunately, smaller wars
and racial and ethnic strife would proliferate.

Sadly, we would have to predict that the inner cities would
decay. We would report that a new disease of the immune
system would sweep over the earth. We would tell of pollu-
tion cluttering the great cities and mention that environmen-
tal concerns would drive government policies and forestall
the growth of nuclear power. Malnutrition, illiteracy and the
gap between the haves and the have-nots would be as great
as ever. Illegal drugs, terrorism and religious fundamentalism
would become forces of worldwide concern. Only a small
fraction of families would have two parents and a single in-
come. Oh, and by the way, we would have big television sets.

S ome years ago I was invited to be a guest on a television
show hosted by a well-known, aggressive and sometimes
offensive character. The host’s producers assured me that
this would be a serious show, marking the beginning of a
new image for their client. The program would be devoted to
a look at the future through the eyes of experts. Somehow,
in spite of the firmly voiced apprehensions of my company’s
public relations people, I ended up in front of a television
camera alongside scholars of education, medicine, finance,
crime and the environment. I was “the technologist.”

Somewhere I have a tape recording of that televised show,
but I intend never to watch it. The educator told how illitera-
cy was on the rise and test scores were plummeting. The
medical researcher said that progress in conquering the
dread diseases was at a standstill. The financial expert fore-
casted that world markets would crumble. The criminologist
gave statistics on the rise of crime, and the environmentalist
predicted ubiquitous and unstoppable pollution. All agreed
that the future would be bleak.

When the host finally turned to me, I said something to
the effect that technology was neat, and it would make work
easier and leisure time more fun. I think I said we all would
have big television sets. I remember the way the other guests
stared at me. “Can you believe such naiveté?” they seemed
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to say to one another. The host looked pained; he was into
predictions of doom. Stubbornly, if feebly, I insisted that life
would be better in the future because of technology.

Even today I blush remembering my ineptitude. But I do
still believe there is a germ of truth in optimistic predictions.
The continuous unraveling of nature’s mysteries and the ex-
pansion of technology raise the level on which life, with all
its ups and downs, floats. Science and technology, however,
depend for their effect on the complex, chaotic and resistant
fabric of society. Although they cannot in themselves make
life better for everyone, they create a force that I believe has
an intrinsic arrow, like time or entropy, pointing relentlessly
in one direction: toward enhancing the quality of life.

I sometimes reflect on the historical contributions tech-
nology has made to human comfort. When I visit the ancient
castles of Europe, I imagine the reverberant call of trumpets
and the pageantry and glory that once graced those crum-
bling ruins. But then I shiver in the dampness and cold and
notice the absence of sanitation. Life now is unquestionably
better, and there is no reason to think it will not be similarly
improved in the future.

Overall progress is assured, but science and technology
interwork with societal factors that determine their in-
stantaneous utility and ultimate effect. This interplay is es-
pecially apparent in the current evolution of cyberspace.
Ironically, the term was coined by William Gibson in Neuro-
mancer, a novel that depicted a future in which the forces of
computerized evil inhabited a shadowy world of networked
virtual reality. Gibson’s vision of gloom seems in step with
those of my televised companions. In reality, though, cy-
berspace is a place where new communities and businesses
are growing, and it seems largely to benefit its participants.

There are a multitude of meetings and conferences at
which scientists and engineers talk about the evolution of
the information infrastructure. But what do we talk about?
Not the technology, to be sure. We talk about ethics, law,
policy and sociology. Recognizing this trend, a friend recent-
ly wondered aloud if, since technologists now regularly de-
bate legal issues, lawyers have taken to debating technology.
At my next meeting with lawyers, I asked if this were indeed
the case. They looked at me blankly. “Of course not,” some-
one finally said. In fact, lawyers are just as comfortable in
cyberspace as are scientists. It is a social invention. The
problems that we all debate pertain to universal access,
rights to intellectual property, privacy, governmental juris-
diction and so forth. Technology was the enabler, but these
other issues will determine the ultimate worth of our work.

The Unisphere is receding from view, and my memories
fade. As Ilook around the subway, I sense that my compan-
ions do not care about cyberspace or anything else so intan-
gible. The never-ending straight track ahead and the relent-
less forward thrust of the car seem indicative of technology
and life. Despite continuous motion on the outside, life on
the inside seems still and unaffected. The Unisphere and the
technology that it represents drift silently by, perceived only
dimly through the clouded windows. The only real world—
the one inside the car—remains unmoved in the midst of
motion. Science urges us ever forward, but science alone is
not enough to get us there.

ROBERT W. LUCKY began working for Bell Laboratories in
1961 and has been vice president of applied research at Bell-
core since 1992. He received his Ph.D. in electrical engineer-
ing in 1961 from Purdue University.
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MATHEMATICAL RECREATIONS by tan stenar

The Great Drain Robbery

‘ ‘ [ hen I entered Holmes’s lodg-
ing, I found him packing his
bags. “Watson, we must go to

Ghastleigh Grange immediately. The

Duke of Ghastleigh is in grave danger.

Hugh Dunnett, a former butler at the

Grange who was jailed for murdering a

maid, has escaped.”

On our way, I perused a small volume
of mathematical conundrums. “Holmes,
here’s a good puzzle. If a man is in the
center of a lake and a fog descends,
what is the shortest path he can choose
to reach land? Apparently, no one
knows. But they think the shortest path
is one that goes straight for a while,
makes a sharp left turn, goes straight
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a bit, curves around and then goes
straight again.”

“Fascinating,” Holmes said, his sar-
casm barely concealed. “Look. We've
arrived.”

The duke looked haggard. “Holmes, 1
fear that the Ghastleigh Goat has been
stolen.” The animal in question was a
family heirloom, some three feet long
and made of bronze. It was worth vir-
tually nothing but contained a secret
drawer full of sensitive documents.

“Dunnett,” Holmes muttered. “Quick-
ly, show me where you kept the goat.”

The duke led us to a small, drafty cel-
lar. “There,” he said, pointing to a large
safe in one corner. Holmes studied the
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drain, looked at the ventilation grille
and inspected the locks on the cellar
door and on the safe. Falling to his
knees, he found a paper wrapper. He
sniffed the air and stood up.

“The story is clear, Your Grace. The
thief made his entrance and exit through
the grille. He unlocked the safe and re-
moved the goat. The goat wouldn’t fit
through the grille, so he attached it to
an inflatable rubber tube and dropped
it into the drains to float away and be
collected outside the grounds.

“Instead the tube must have suffered
a puncture. Before the goat could float
away, it sank and blocked the drain, as
you can smell. The documents are in
the drains. But we cannot locate them
from this end; the drain is too deep. We
must break into the drainage system at
a more convenient point.”

“There’s a drain that cuts across the
front lawn and comes up in the cellars,”
the duke suggested. “You can tell where
it is in the summer because the grass
changes color above it. Now it’s covered
in snow. If I recall correctly, it runs with-
in 100 yards of the statue of the water
nymph.”

“We must dig a trench to this drain,
determine its outlet and retrieve the
goat before Dunnett does.”

“We must dig quickly!” the duke
urged.

“And in the right direction, too,” I put
in. “Otherwise we might miss the drain
altogether.”

“What we need to know,” Holmes
said, “is the shortest trench guaranteed
to meet every straight line passing with-
in 100 yards of the statue of the water
nymph [see top illustration on opposite
pagel.”

“We could dig a circular trench with
a 100-yard radius,” the duke proposed.

“With a length of 200 Tt yards, or
about 628 yards,” Holmes rapidly cal-
culated. “Can we do better?”

“How about a straight line, 200 yards
long, cutting across the duke’s circle?”
I asked.

“Excellent, Watson, except that such
a trench misses many possible drain
positions.”

“Okay. Two such lines then, at right
angles, for a total length of 400 yards?”

“Same problem, Watson. Mathemati-
cally, we are looking for the shortest
curve that meets every chord of a circle
having a radius r of 100 yards—a chord
being any straight line that meets the
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circle at two points.”

“Holmes, just think of how many
chords there are to consider!”

“Yes, it would be nice to simplify
things. Ah. I've got it. In fact, we need
consider only the tangents to the circle,
Watson. These lines meet the circle at
one point along its edge. After all, a
curve that meets all tangents to a
circle necessarily meets all the
chords.

“Choose any chord and consid-
er the two tangents parallel to it
[see bottom illustration on this
page]. The curve meets one tan-
gent at point B and the other at
C. By way of continuity, the part
of the curve that joins B to C
must cut the chord.” He rubbed
his chin. “I almost have it, but
there is a gap in my reasoning.” \

“We don’t have time to worry
about details, Holmes. What’s
your general idea?”

“Well, there is a class of curves
that automatically meet every tan-
gent: those that start and end on
opposite sides of the same tan-
gent, wrapping around the circle,
remaining outside or on it. Call
them straps, since they strap a
tangent to the circle.”

“Go on, go on.”

“Finding the shortest strap is
simple. First, observe that the
strap must touch the circle some-
where. If not, it could be tight-
ened down until it did and would
then be shorter. Suppose that it first
meets the circle at a point B and last
meets it at some point C. Then AB and
CD must be straight lines. Otherwise the
strap could be shortened by straight-
ening those segments. Moreover, BC
must be a single arc of the circle, for
similar reasons.”

“I think the lines AB and CD must be
tangents to the circle,” I said. “If they
weren’t, the curve could be shortened
even more by moving B and C to posi-
tions where they were tangents.”

“Of course. But where should the
points A and D be located? I think that
both AB and CD need to be perpendicu-
lar to the tangent AD. If they were not at
right angles, we could swing the strap
around until they were, and then again
the strap would be shorter.”

“Yes,” I cried. “The arc BC is a semicir-
cle. We have found the shortest curve!”

“Unfortunately, we have found only
the shortest strap,” Holmes said, frown-
ing. “But I do find it hard to see how any
other curve meeting our requirements
could be shorter.”

We stood in silence for a few minutes.
“All may not be lost,” I finally said. “How
long is this shortest strap anyway?”

JOHNNY JOHNSON
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“(2+T10) 7, or about 514 yards in this
case.”

“That saves 89 yards compared with
my plan,” the duke exclaimed. “There
is no time to lose. I'll summon the men!”

While they dug, Holmes and I contin-
ued to seek even shorter curves but
found none. “Holmes! Do you remem-

GHASTLEIGH
GRANGE

/

POSSIBLE PATHS of the drain, which passes
through the marked circle, are shown (above).

JOHNNY JOHNSON

SHORTEST TRENCH that will intersect
the drain consists of a semicircle (BC)
and two tangents (AB and CD).

ber my book?” I pulled it from my
pocket. “Listen. ‘The shortest path that
meets every chord of a circle of radius
¥ consists of two parallel straight seg-
ments of length r and a semicircle.””
“Just as I deduced. I confess, Watson,
I misjudged the utility of your slim vol-
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ume. Out of curiosity, how do we know
that the path proposed is truly the
shortest?”

“It has been proved beyond any
doubt by several different mathemati-
cians. These proofs are terribly com-
plex, though. It would be of great inter-
est if anyone could find a short, simple
proof.”

“Perhaps I might—" Holmes be-
gan, when suddenly the duke let
out a yell. His diggers had locat-
ed the drain.

Holmes sighted its length. “We
shall find the outlet—and the
thief—beyond the thicket in the
distance.”

We secreted ourselves among
the trees and settled down to
wait. No sooner had the sun set
than we heard footsteps. A
masked figure came into view,
and Holmes seized him. “Now
we shall see,” he declared. “As I
deduced at the start, it is—who
are you?”

“My God, it's Lucinda, the
maid,” the duke said. “What are
you doing here?”

“Please, Your Grace. Yesterday
I had to go to the cellar. The door
was locked, so I climbed in
through the grille. The safe was

~ open, and I saw a funny old goat

inside. I pulled it out to take a
look, but it was really heavy, and
I accidentally dropped it down
the drain. I panicked. So I shut
the safe and left. I intended to return it
once I'd— Anyway, I was about to
crawl up the drain to look for it when
this gentleman”—she gave Holmes a
winsome smile—“leaped on me.”

“So the Ghastleigh Goat is at the bot-
tom of the drain,” the duke mused, “I
have a 500-yard trench in my lawn, and
Dunnett remains at large.” He gave
Holmes a hard stare.

“Tt is a question of logical deduction,”
Holmes said. “When you have eliminat-
ed the impossible, then whatever re-
mains, however improbable—"

“Yes, Holmes, yes! Go on!” I begged.

“—remains improbable,” he finished.
“But don’t quote me on that.”

“My lips are sealed.” But my note-
book is not. After all, a biographer has
to make a living.

FURTHER READING

UNSOLVED PROBLEMS IN GEOMETRY. Hal-
lard T. Croft, Kenneth J. Falconer and
Richard K. Guy. Springer-Verlag, 1991.

MURDER AT GHASTLEIGH GRANGE. lan
Stewart in Scientific American, Vol. 267,
No. 4, pages 118-120; October 1992.
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Slipped Disks
Review by Henry Petroski

THE WAY THINGS WORK, by David Ma-
caulay. Dorling Kindersley Multimedia,
1994 ($79.95), Windows or Macintosh
format. LEONARDO THE INVENTOR. In-
terActive Publishing, 1994 ($49.95), hy-
brid Windows/Macintosh format.

ook Treviews typically
B deal with the message

and not the medium.
The technology of the book—
how the pages are ordered,
how they can be riffled in the
hand, how they can be marked
or annotated—is seldom con-
sidered in the literary pages of
newspapers and magazines.
The physical book is such an
old, familiar thing that we
have come to accept it as read-
ily as we do the hands that
hold it. Most readers would no
doubt say the book is a highly
evolved artifact, if not a per-
fected one. But what is perfec-
tion? Might we not wish that the
book could remember where we
left off reading? Might we not
wish the book could expand with
our growing need for knowledge
or entertainment? Might we not
wish the book’s contents could
talk and move?

Such musings are the wellsprings
of invention. Thus, some books in-
corporate unmisplaceable bookmarks
in the form of ribbons sewn to the bind-
ing. Reference books sprout annual sup-
plements. Children’s books may have
pages thickened to contain talking or
moving elements. But most of these
arguable improvements are just embel-
lishments on something that we have
grown to know and love. It takes revo-
lutionary changes to make us sit up and
take notice, to see the fish tank for the
fish. The compact disc with read-only
memory, or CD-ROM, is heralded as
such a revolution in publishing—a gen-
uinely new way to gain access to the in-
formation in encyclopedias, dictionar-
ies, books and booklike productions.

Because CD-ROMs are touted for their
ability to hold enormous quantities of
data, it is natural to expect them to be
much more extensive than the books
they mimic. And given that the disks are
costly and run only on the latest multi-
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media personal computers, we approach
each CD-ROM expecting to have our
socks knocked off, and fast. Unfortu-
nately, new technologies often promise
more than they can deliver. One could
hardly ask for a better (or worse) exam-
ple of this failing than the CD-ROM
based on David Macaulay’s enormously
successful book The Way Things Work,

THE WAY THINGE WOKE

Mkt
™

e
e e Pt et W
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SCREEN PROGRESSION in The Way
Things Work leads to a sparse essay on
the zipper and to a simple animation.

itself a critical review of the process of
invention.

After a brief installation procedure,
the user need only double-click on the
The Way Things Work icon, and a title
screen appears, complete with sound
effects. The action takes place at an ex-
cruciatingly slow pace, however, an omi-
nous portent. The main menu on The
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Way Things Work offers the choices of
Workshop, Machines, Principles of Sci-
ence, History and Inventors. Although
the freedom with which one can move
among such categories is said to be
part of the CD-ROM’s beauty, it is only
screen deep. Selecting the category of
Machines spins gear icons labeled A
through Z in a primitive animation of

blurs, an action that hardly
distracts the user from the fact
that it takes longer to call up
an index here than it would to
find something in a conven-
tional book.

From the evidence here, noth-
ing seems to happen quickly
or novelly in CD-ROM space.
To learn about the zipper—a
simple yet rather remark-
able everyday device—we
set the digital dial to Z and
click on an OK button. A
slab marked Z pops out
from an animated vend-
ing machine; a zipper
icon appears in the Z col-
umn. Clicking on the zip-
per calls up a window
that looks very much like
part of a page from Ma-
caulay’s book. But the
CD-ROM drawings appear
more regular than the originals and,
ironically, less animated in a metaphor-
ical sense than those in the book, per-
haps having something to do with those
mischievous pixels. (Macaulay himself
drew no new images for the CD-ROM.)

In the zipper window, we see an icon
indicating that there is an animation
opportunity. Here the CD-ROM should
certainly be able to outmaneuver the
book. Selecting the icon causes a zipper
to open and close a Victorian boot, re-
vealing the leitmotiv mascot of The Way
Things Work : a woolly mammoth, some-
times seen decked out in eccentric out-
fits. One may click and reclick here to
see what laser-age subtleties one is
missing, but it really is nothing more
than a silly mammoth in a shoe. The
mammoth stars in nearly two dozen
clips of jerky video scattered through-
out the disc, which are little more than
visual one-line jokes that give the CD-
ROM its requisite moving pictures.
These clips are not worth the price of
the ticket, even for children.

CD-ROM publishers have touted the
capacity of the medium to branch out
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from any trunk subject to explore all
manner of its finer aspects simply by
clicking on categorical icons. Returning
to the main menu, we can click on In-
ventors, which calls up a window show-
ing an open book, complete with al-
phabetical index tabs. Clicking on the
tab labeled IJK, we find, among a few
others, the “inventor” IBM (for dot-ma-
trix printers) and Whitcomb Judson
(for the zipper).

The text on Judson is very slight; in
the roughly 60 words, all we learn about
him is that he was an American who in-
vented the zipper in 1891. Further elab-
oration—perhaps a deeper window, for
adult if not child fans of The Way Things
Work—seems not only possible but de-
sirable for the credibility of the medi-
um. The electronic text (largely rewrit-
ten from the book in shorter and what
might be considered simpler form) tells
us that Swedish inventor Gideon Sund-
back “improved the zipper by using
metal teeth.” In fact, Sundback was an
American immigrant, and Judson’s orig-
inal devices also employed metal com-
ponents. The CD-ROM credits the U.S.
Army with helping the slide fastener
take off by having it incorporated into
flight suits. But one of the first large or-
ders for the device actually came from
a private manufacturer who used the
slide fastener in money belts that it
then sold to both army and navy men.

Finding careless statements and fac-
tual errors in one 60-word entry raises
questions about the reliability of the
rest of the disc. Do the creators of the
new medium have no time for fact-
checking? In a conventional book the
author’s name normally appears on the
cover and its title page, but in a CD-
ROM text the author is for all purposes
anonymous. We must click on Help and
then on Credits to find the production
team of about 40 people and an addi-
tional dozen contributors who created
the CD-ROM of The Way Things Work.
Perhaps not surprisingly, the teams
dealing with such matters as digital an-
imation and imaging were much larger
than the editorial team.

Leonardo the Inventor is another CD-
ROM that explores the process of inven-
tion, this time focusing on the legend
of a historical genius for its consum-
er allure. Because it is not derived from
a book, Leonardo can truly be judged
against its medium, but it, too, proves
poky and limited in scope.

Leonardo offers four primary topics;
among the main clicking choices under
Inventions are Leonardo’s Words, Our
Time, Play Instrument, Play a Game and
3-D View, for which blue-and-red, cello-
phane-and-cardboard eyeglasses are
supplied—just like the kind that were
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provided for 3-D movies in the 1950s.
The inevitable CD-ROM videos showing
modern realizations of Leonardo’s in-
ventions are small, dark and almost ir-
relevant to the narration. The games
included on the disc, presumably to en-
gage the younger users, look embarrass-
ingly crude when compared with the
better computerized sports and pur-
suit entertainments.

Unlike The Way Things Work, Leonar-
do does at least contain a modest bibli-
ography of materials about the inven-
tor that one can consult in traditional
printed format for further study. It is
fitting to finish viewing CD-ROMs with
such a screen, for it leads us back to
the idea of the book and to the thought
that books retain their value as sources
of knowledge, amusement and inspira-
tion—even in the multimedia age. A
500-year-old volume can feel as famil-
iar in our hands as a book on the latest
best-seller list. The works of long-dead
authors can still hold their own with
the best of them today. That is not like-
ly to be said of the current CD-ROMs,
whose future as artifacts may be as se-
cure as was that of the punched tape
and cards that drove computers only
decades ago.

HENRY PETROSKI is the Aleksandar
Vesic Professor of Civil Engineering at
Duke University. He is the author of nu-
merous conventional books, including
The Pencil, The Evolution of Useful
Things, Design Paradigms and, pub-
lished this month, Engineers of Dreams
(Alfred A. Knopf).

Wired Money
Review by Clay Shirky

DOING MORE BUSINESS ON THE INTER-
NET, by Mary J. Cronin. Van Nostrand
Reinhold, 1995 ($29.95). HOwW TO MAKE
A FORTUNE ON THE INFORMATION SU-
PERHIGHWAY, by Laurence A. Canter
and Martha S. Siegel. HarperCollins,
1994 (520).

the 1980s, a group of researchers at

the Massachusetts Institute of Tech-
nology set out to measure the increases
in business productivity brought about
by the computerization of the work-
place. To their surprise, they found that
in many cases the expected increases
did not appear. Often computers mere-
ly magnified existing inefficiencies. So
it is with the Internet. If you provide In-
ternet access to an inefficient business,
you have merely given it the ability to
be inefficient instantaneously, in front
of 30 million potential clients. To take

I n a now famous study conducted in
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advantage of the Internet in the short
term, companies must understand what
networks can and cannot do and make
adjustments accordingly. In this year of
the on-line land rush, numerous guides
are being published to help businesses
adapt; the books reviewed here repre-
sent the high and low end of the cur-
rent crop.

A good book about business on the
Internet should be like a Baedeker, a fa-
miliar point of entry into an unfamiliar
world. Mary J. Cronin’s Doing More Busi-
ness on the Internet, a second edition
of the first general-interest book on the
subject, does the job particularly well.
Cronin knows her audience: business-
people, especially managers, who need
a broad grasp of the uses of the Inter-
net but do not need to know the tech-
nical details.

The book provides illuminating case
histories of companies that use the In-
ternet in a variety of ways. These stud-
ies are illustrated with concrete exam-
ples and quotes from managers of com-
panies ranging from niche players such
as Greenville Tool and Die, which uses
the Internet to shorten the lead time on
its production schedule, to giants such
as J. P. Morgan, which relies on the In-
ternet to improve support for its inter-
nal network that spans 40 countries.
Cronin also considers the concerns that
businesses have about network use, the
most serious being security.

One welcome improvement to the
new edition of Doing Business on the In-
ternet is a chapter on the World Wide
Web. The Web is a wildly popular graph-
ical interface to the Internet and the first
Internet service since electronic mail to
be adopted by all the major on-line pro-
viders. Its two principal advantages over
earlier Internet services are its ability
to mingle text, graphics, sound and vid-
eo (multimedia) and its ability to in-
clude links to other sources of informa-
tion elsewhere on the Internet from a
single location (hypertext). In the past
year the Web has become the preemi-
nent arena for commerce, as everyone
from Pizza Hut to Chrysler Corporation
is setting up shop there. Cronin helpful-
ly lists the Web address (called a URL,
or Uniform Resource Locator) of every
company she discusses.

Doing More Business on the Internet
suffers from only one serious flaw: al-
though it has extensive references, most
of them relate to other books, maga-
zines or newsletters. Because the best
and most up-to-date information about
the Internet is contained on the net-
work itself, a book about business uses
of the Internet should provide more
pointers to on-line information.

A good example of how not to make
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a fortune on the information superhigh-
way is How to Make a Fortune on the In-
formation Superhighway, by Laurence
A. Canter and Martha S. Siegel. This
book is little more than a longish, high-
tech version of those back-of-the-maga-
zine pitches that promise to help you
“MAKE MONEY FAST!” The authors be-
gin with the siren song of easy money
(“Would a spare $50,000 come in
handy? How about an extra $100,000?”)
and then proceed to explain the Inter-
net in ways that are often incomplete
or wrong. They place Vice President Al
Gore’s coining of “information super-
highway” in 1993 (it was 1989); they
suggest that file-copying software is a
good Internet marketing tool (it is not);
the skimpy bibliography does not list a
single on-line resource; and there is no
index whatsoever.

Often computers
merely magnify
existing inefficiencies.

The authors’ fame stems from their
creation of the single most ill-conceived
advertisement in the history of the In-
ternet. In the spring of 1994 Canter and
Siegel wrote an ad offering to charge
U.S. immigrants $95 to fill out a green-
card lottery application for them, a val-
ueless service as the application is free
and the lottery is random. They posted
the ad on Usenet (a global collection of
topic-specific discussion areas, or news-
groups) and sent it randomly to about
6,000 newsgroups. Some of these groups
were devoted to cats, some to cars, some
to computers, and so on. None was de-
voted to immigration policy.

This practice of posting multiple cop-
ies of off-topic information is known as
spamming, after a Monty Python come-
dy routine, and is almost universally de-
spised. Many network users who visit
multiple newsgroups came across these
ads 20 or 30 times in the space of an
evening, so there was a swift and volu-
minous backlash by people enraged that
their time (and network connections
and disk space) had been wasted. Peo-
ple began to complain both to Canter
and Siegel and to their network provid-
er, Internet Direct. The huge volume of
complaints crashed Internet Direct’s
computers more than a dozen times in
an evening; the company subsequently
revoked Canter and Siegel’s account for
violating their user agreement, which
forbade commercial postings.

In following weeks a Usenet news-
group was formed to track the authors’
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actions (alt.current-events.net-abuse.c-
n-s), and a group of network users cre-
ated and distributed a document that
rebutted the claims in Canter and Sie-
gel’s ad and included background infor-
mation, including a newspaper story re-
porting that Canter had resigned from
the Florida Bar after charges of “neglect,
misrepresentation, misappropriation
of client funds and perjury” were filed
against him, stemming in part from his
work on immigration cases. Surveying
the reaction to their inappropriate use
of the network, Canter and Siegel exer-
cise their gift for understatement: “What
we honestly were not prepared for,
however, was the passionate opposi-
tion we encountered.”

The green-card incident does offer a
curious kind of insight into business
on-line. On the Internet, community ap-
proval is an important market force in
its own right. As Intel learned from the
public-relations debacle when news of
a defect in the company’s Pentium chip
(which Intel had known about but ig-
nored) was first reported on Usenet, a
business presence on the Internet is a
two-way affair. Treating your on-line
customers with contempt can provoke
a channeled response of a force never
before seen in business practice.

Conversely, network users are equal-
ly quick to reward businesses who val-
ue their time. To see what a successful
network business strategy looks like,
there is no substitute for personal expe-
rience. If you have a Web browser (and
if you don’t, you will soon), point it to
GNN, the Global Network Navigator
(http://www.ora.com/gnn/ ), or Yahoo
(http://www.yahoo.com). Both these
sites are well thought-out, graphically
clean and eminently useful. They are
not just good models of a business
presence, they also offer the kind of
timely news and frequently updated
pointers to other Internet resources
that businesses will not find in a book.
And 15 minutes of using the net to un-
earth information will tell you what a
shelf of books cannot: what interests
you and what annoys you when you
are on the net yourself.

A guide to the Internet can impart
only principles, not experience, in the
same way understanding you should
buy low and sell high cannot make you
an investing wizard. The only way to
run a business that takes account of
the Internet is to understand network
users, and the best way to understand
network users is to become one.

CLAY SHIRKY is a hypermedia design-
er and the author of Voices from the
Net (Ziff-Davis, 1995), an examination
of the culture of electronic networks.
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The Immaterial World
Review by Charles Herzfeld

BEING DIGITAL, by Nicholas Negroponte.
Alfred A. Knopf, 1995 ($23).

or those who are not content to
Fwait and see what the 21st centu-
ry will be like, Being Digital gives

a better hint than most prognostica-
tions. As the founder of the Media Lab
at the Massachusetts Institute of Tech-
nology, Nicholas Negroponte is well
placed to peer into the future, and he is
frankly optimistic about what he sees.
His most important message is that a
new world, a new way of life, is upon
us. This emerging world is character-
ized by the ever more efficient produc-
tion, analysis and consumption of in-
formation—specifically, information in
digital form. As the book’s title sug-
gests, digital information will be used
for work, for play and for just about ev-
erything one may wish to do.

Negroponte explains well what the
digital approach is all about and gives
many trenchant examples of its power.
Until recently, for instance, libraries and
books existed only as huge collections
of atoms, whose bulk makes them hard
to transport and awkward to interro-
gate about the information they con-
tain. But the data in books can be, and
increasingly are, kept in digital form, al-
lowing them to be easily moved, edited,
combined, compared and consumed.
The Internet has become the metaphor
for what lies ahead, although the net of
the future will be fuller, more interest-
ing and easier to access than it is now.

Being Digital is loosely based on a se-
ries of columns by Negroponte in Wired,
the monthly magazine that aims to cov-
er “everything” digital. This pedigree is
both a strength and a weakness: the
book’s coverage is broad and breezy but
occasionally superficial. The author is
quite witty and has a nice sense of the
ridiculous, as when he points out that
“virtual reality” is a top-notch oxymo-
ron. But one wishes for more informa-
tion on certain subjects, such as com-
plex systems and innovative ways of
doing science in the digital world. The
book’s index shows similar lapses. Nei-
ther John von Neumann (whose work
on logical design during the 1940s and
1950s forms a cornerstone of modern
electronic computers) nor J.C.R. Lickli-
der (who, while at M.I.T. in the 1960s,
mated computer science and psycholo-
gy in an effort to make computers easi-
er to use) is listed in it, even though
both appear in the text.

Nevertheless, important ideas abound
in Negroponte’s writing. His notion that
in our “post-info age” each of us will be
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an audience and a market of one, and
that our wants and needs will be thor-
oughly documented, not only repre-
sents a plausible future, it is already on
the way. Tomorrow’s newspapers may
be delivered on-line, specially tailored to
each reader’s interests. Digital custom-
ization would permit browsing of the
paper, enhanced by easy access to in-
depth information on one’s chosen
items. The pleasurable feel of the print-
ed page could be mimicked by a display
panel having the proper texture and
flexibility. Negroponte proposes a clev-
er idea, that computers should observe
us and learn to guess our real wants, as
revealed by our body language, vocal
inflections and so on.

One question posed several times—
and quite effectively—concerns how we
will cope with the enormous number of

Information about
information will
become essential.

choices that will open to us in the digi-
tal world. We may soon have access to
15,000 television channels, a few hun-
dred million books and billions of pag-
es of journals. Information about infor-
mation will become essential. Interac-
tive, intelligent guides will become a
new technology as well as a new art
form; I foresee a major industry niche
devoted to filling this essential need.
Current efforts along these lines, such
as software “agents,” are still primitive
compared with what appears possible.

An important part of Negroponte’s
story involves recounting how we got to
where we are now. The part of this his-
tory in which I was a player—the crea-
tion of the Arpanet, which led eventual-
ly to the Internet and to the opening of
the new digital world—is hinted at but
not clearly described in the book. I was
the director of the Advanced Research
Projects Agency (ARPA) in the 1960s
and approved the plan to build the first
long-distance computer network. It was
a true team effort involving universities,
companies large and small, and govern-
ment, including benevolent oversight
from the U.S. Congress during the
1960s and 1970s.

Many writers have referred to the In-
ternet as an example of a technology
born out of military necessity that has
found unanticipated civilian use, but
rarely have I seen this aspect of the In-
ternet accurately described. It is too bad
that Negroponte misses an opportunity
to set an important part of the record
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straight. The Arpanet was not started
to ensure strategic communications in
case of nuclear war—a common misim-
pression—but rather to link university
computers and researchers to assist
them in conducting basic research on
computers and on communication nets
and to use these networked computers
for basic research. We were certainly
aware of potential national security ap-
plications for the Arpanet, but efforts
to use the techmnology toward those
ends came much later.

Deep questions about the long-term
significance of “being digital” must be
raised. The book focuses on the mind
that is wired but does not really say
much about what this life will be like.
Science-fiction writers have, of course,
speculatively explored the life of a crea-
ture that is mostly brain, and perhaps
we are beginning to see dimly a reality
of this kind emerging. Such a possible
future implicitly asks some fundamen-
tal question about life. To be sure, the
life of the mind is the great identifier
of humans, and it will be substantially
aided by digital technology. But we
might ask, “Is this all there is?” Where
is the outdoor life, the wind in the hair,
the exertion and exhilaration of living
with the elements? Not much is said of
the physical body that must balance the
brain. Nor is there much about what
could undermine Negroponte’s exciting
vision, such as neo-Luddite attacks, fun-
damentalist religious movements and,
perhaps most dangerous, the victory of
boredom over everything else.

Issues of privacy also are scarcely
mentioned, and questions of intellectu-
al property and its future role are gone
over all too quickly. Yet these problems
may slow, or even abort, the growth of
the Net-based digital world much more
than technical problems or questions of
real utility. Minor queries must also be
raised. Do we really want holographic
assistants on our desks? All examples I
have seen of electronic personalities
rapidly outstay their welcome. It will be
some time, I think, before artifacts will
have personalities as interesting as
those of the people we care about.

Yet overall, Being Digital is an excel-
lent introduction for the interested lay-
person. It will make all readers think
more deeply about life in the comput-
erized age, although it will undoubted-
ly disappoint some readers who want
more. Those inquisitive souls will just
have to wait for more of the author’s
monthly pronouncements.

CHARLES HERZFELD is a computer
consultant in Silver Spring, Md. From
1961 to 1967 he worked at the Ad-
vanced Research Projects Agency.
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E S SAY by Simon Penny

The Pursuit of the Living Machine

formed nearly every aspect of our
culture over the past 200 years
and undoubtedly will continue to do so.
But the flashy pronouncements that ac-
company specific achievements—a dis-
ease-resistant tomato, for instance, or
an “agent” to sort our E-mail—tend to
obscure their underlying motivations.
For centuries, artists and inventors have
attempted to imitate nature (a process
known as mimesis) and to simulate the
qualities of being human (anthropo-
morphism). These twin drives, which
lie at the very heart of Western culture,
blur the lines between animate and in-
animate, between human and machine.
In this vein, one of the most telling
recent developments is artificial life, the
generation of lifelike behavior by com-
puter programs in a digital environ-
ment. The rules governing the behavior
of the programs are modeled on genet-
ic and evolutionary processes. Thomas
S. Ray of the University of Delaware has
proposed creating a digital wildlife pre-
serve on the Internet in which software
organisms might compete for memory
space and develop into new forms. He
has argued that digital creatures would
evolve unusual abilities and that these
organisms could then be captured and
domesticated. According to the tradi-
tional Christian view, we humans have
a God-given right to harvest the prod-
ucts of biodiversity. In a novel twist, A-
lifers seem to be harnessing the mech-
anism of biodiversity itself, or at least
one model of that mechanism.
Although firmly grounded in com-
puter science, the artificial-life project is
remarkably reminiscent of certain ar-
tistic enterprises of the turn of the cen-
tury. Paul Cézanne’s dictum—“Art is a
harmony parallel to nature”—finds a
strong echo in the goals of artificial-life
research. Mimesis also links A-lifers with
the modernist artists following on from
Cézanne. If we accept that researchers
are not actually creating life but rather
simulating it based on their understand-
ing of biological communities (that is,
operating “parallel to nature”), then their
goals are very like those of the modern-
ist artists, who aimed not to represent
the world but to “render it visible.”
Not surprisingly, the mimetic poten-
tials of A-life are finding application in

r I Y echnological innovation has trans-
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the arts, most notably in the emerging
field of interactive art. Since the desk-
top computer became available, a small
community of artists has been explor-
ing the possibility of a novel art form in
which the key aesthetic element is the
“behavior” of the work in response to
the viewer. Older artworks of this kind,
along with CD-ROM multimedia, have
had a certain Pavlovian press-the-but-
ton-and-get-the-prize quality to them,
largely because the response had to oc-
cur within predefined pathways.
Artificial-life techniques offer artists
a quite different type of interactivity,
one that allows systems to react in ways

that are not so explicitly defined. These
works exhibit a new kind of mimesis,
in which the dynamics of biological sys-
tems are modeled more than is their
appearance. Numerous artworks now
employ biological-growth algorithms,
simulated ecosystems or communities,
genetic algorithms, and neural networks
in the structure of the systems.

uch as digital techniques permit

machines to acquire the behavior
of natural systems, genetic engineering
presents another set of fresh mimetic
possibilities by opening biological enti-
ties to human manipulation. In genetic
engineering, it is difficult to distinguish
between nature and representation, be-
tween raw material and finished con-
struction. The OncoMouse, a bioengi-
neered mouse patented by Harvard Uni-
versity geneticists in 1988, and the many
subsequent transgenic inventions raise
the possibility that gene splicing could
become a valid artistic field, with awards
for the most aesthetically pleasing trans-
genic forms!
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J. de Vaucanson'’s “duck”; courtesy of Bettmann Archive

Artificial life and genetic engineering
may be among the newest technologies,
but the mimetic drive that motivates
them dates to antiquity. Although in
classical Greek sculpture mimesis ex-
tended only to form, I contend that the
immobile nature of that sculpture was
a technical constraint, not an aesthetic
requirement. The Greeks stuccoed and
painted their sculptures in a highly life-
like manner. My guess is that if the
Greeks could have made fleshy, dynam-
ic sculpture, they would have. Indeed,
Hero of Alexandria was renowned for
his pneumatic automata, which com-
bined static sculptural mimesis with
humanlike, if repetitive, movement.

By the 18th century, inventors were
creating clockwork automata capable
of much more complex behavior. A me-
chanical “scribe” created by Pierre and
Henri-Louis Jacquet-Droz could dip its
pen and write lines of elegant script.
Jacques de Vaucanson’s famous “duck”
is said to have been able to flap its
wings, eat and, with a ducklike wag of
the tail, excrete foul-smelling waste.
These works were contemporary with
the first programmable device, the Jac-
quard weaving loom, and their behav-
ior was constructed from mechanical
logic much like that which Charles Bab-
bage used for his difference engine.

Artificial-intelligence research can be
seen as the high-tech anthropomorphic
project of our era, as defined by Alan
M. Turing’s famous test for artificial in-
telligence. Simply put, the test says that
if you cannot tell whether what you are
talking to is not a person, then it has
human intelligence. Although the proj-
ect of artificial intelligence has run up
against certain limitations, it has
spawned other enterprises, such as au-
tonomous agents and artificial life, that
perpetuate its drives.

These cultural drives, anthropomor-
phism and mimesis, transcend disciplin-
ary boundaries and inhabit the most
sophisticated technologies available at
any historical moment. But this obser-
vation propels us inevitably to a deeper
question, worth pondering as we plot
the course of technology: Why do we
want our machines to seem alive?

SIMON PENNY is associate professor
of art and robotics at Carnegie Mellon
University. In 1993 he curated Machine
Culture, an international survey exhibi-
tion of interactive art.
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