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PREFACE

Thisisabook about the limitless future of science and technology, focusing on the next 100 years and
beyond.

A book with the proper scope, depth, and accuracy necessary to summarize the exciting and fast-paced
progress of science could not be written without the insights and wisdom of the scientists who are making
the future possible.

Of course, no one person can invent the future. There is simply too much accumulated knowledge, there
are too many possibilities and too many specializations. In fact, most predictions of the future have
floundered because they have reflected the eccentric, often narrow viewpoints of asingle individual.

The same is not true of Visions. In the course of writing numerous books, articles, and science
commentaries, | have had the rare privilege of interviewing over 150 scientists from various disciplines
during aten-year period.

On the basis of these interviews, | have tried to be careful to delineate the time frame over which certain
predictions will or will not be realized. Scientists expect some predictions to come about by the year
2020; others will not materialize until much laterfrom 2050 to the year 2100. As aresult, not all
predictions are created equal some are more forward looking and necessarily more speculative than others.
Thetime frames I've identified in the book, of course, are to be taken only as guidelines, to give readers a
sense of when certain trends and technol ogies can be expected to emerge.

The outline for the book isas follows: In Part | of Visions, | discuss the remarkable developments that
await usin the computer revolution, which are already beginning to transform business, communications,
and our lifestyles, and which | believe will one day give us the power to place intelligence in every part of
our planet. In Part I1, | turn to the biomolecular revolution, which will ultimately give us the power to
alter and syn-
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thesize new forms of life, and crate new medicines and therapies. Part 111 focuses on the quantum
revolution, perhaps the most profound of the three, which will give us control over matter itself.

I wish to thank the following scientists who have given me their time, advice, and invaluable insightsin
the course of writing this book:

Walter Gilbert, Nobel Laureate in Chemistry, Harvard University

Murray Gell-Mann, Nobel Laureate in Physics, Santa Fe Institute

Henry Kendall, Nobel Laureate in Physics, MIT

Leon Lederman, Nobel Laureate in Physics, Illinois Institute of Technology
Steven Weinberg, Nobel Laureate in Physics, University of Texas

Joseph Rotbalt, physicist, Nobel Laureate in Peace

Carl Sagan, Director, Laboratory for Planetary Studies, Cornell University
Steven Jay Gould, Professor of Biology, Harvard University

Douglas Hofstadter, Pulitzer Prize winning author, Indiana University
Michael Dertouzos, Director of MIT Laboratory for Computer Sciences
Paul Davies, author and cosmologist, University of Adelaide

Hans Moravec, Robotics Institute, Carnegie-Mellon University

Daniel Crevier, Al expert, CEO of Coreco, Inc.

Jeremy Rifkin, founder of Foundation for Economic Trends

Philip Morrison, Professor of Physics, MIT

Miguel Virasoro, Director, International Center for Theoretical Physics, Trieste, Italy
Mark Weiser, Xerox PARC

Larry Tedler, chief scientist, Apple Computer

Paul Ehrlich, environmentalist, Stanford University

Paul Saffo, Director, Institute for the Future

Francis Collins, Director, National Center for Human Genome Research (NCHG), National Institutes of
Health

Michael Blaese, Clinical Gene Therapy Branch (NCHG), National Institutes of Health
Lawrence Brody, Laboratory of Gene Transfer (NCHG), National Institutes of Health
Eric Green, Diagnostic Development Branch (NCHG), National Institutes of Health

Jeffrey Trent, Director, Division of Intramural Research (NCHG), National Institutes of Health



Paul Meltzer, Laboratory of Cancer Genetics (NCHG), National Institutes of Health
Leslie Biesecker, Laboratory of Genetic Disease Research (NCHG), National Institutes of Health
Anthony Wynshaw-Boris, Laboratory of Genetic Disease Research (NCHG), National Institutes of Health

Steven Rosenberg, Head of Surgery, National Institutes of Health
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Lieutenant Colonel Robert Bowman, Director, Institute for Space and Security Studies

Paul Hoffman, Editor in Chief, Discover magazine

Leonard Hayflick, Professor of Anatomy at the University of Californiaat San Francisco School of
Medicine

Edward Witten, physicist, Institute for Advanced Study, Princeton

Cumrun Vafa, physicist, Harvard University

Paul Townsend, physicist, Cambridge University

Alan Guth, cosmologist, MIT

Barry Commoner, environmentalist, Queens College, CUNY

Rodney Brooks, Associate Director, Artificial Intelligence Laboratory, MIT

Robert Irie, Artificial Intelligence Laboratory, MIT

James McLurkin, Artificial Intelligence Laboratory, MIT

Jay Jarodlav, Artificial Intelligence Laboratory, MIT

Peter Dilworth, Artificial Intelligence Laboratory, MIT

Mike Wesdler, Artificial Intelligence Laboratory, MIT

Nea Gershenfeld, Principal Investigator, Physics and Media Group, MIT Media Laboratory
pattie Maes, Principal Investigator, Autonomous Agents Group, MIT Media L aboratory
David Riquier, Associate Director of Communications and Sponsor Relations, MIT Media L aboratory
Bradley Rhodes, MIT Media L aboratory

Donna Shirley, Jet Propulsion Laboratory, Manager of the Mars Exploration Mission
Frank Von Hipple, physicist, Princeton University

John Pike, Federation of American Scientists

Steve Aftergood, Federation of American Scientists

John Horgan, science writer, Scientific American

Lester Brown, Director and Founder, World Watch Institute

Christopher Flavin, World Watch Institute

Nell Tyson, Director, Hayden Planetarium, American Museum of Natural History
Brian Sullivan, project designer, Hayden Planetarium

Michael Oppenheimer, chief scientist, Environmental Defense Fund



Rebecca Goldberg, chief scientist, Environmental Defense Fund

Clifford Stoll, computer analyst

John Lewis, Co-director, NASA/University of Arizona Space Engineering Research Center
Richard Muller, Professor of Physics, University of Californiaat Berkeley

Larry Krauss, Chairman of the Physics Department, Case Western Reserve University
David Gelertner, Associate Professor of Computer Science, Y ale University

Ted Taylor, atomic bomb designer, Los Alamos

David Nahamoo, Senior Manager, Human Language Technology, |IBM
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Paul Shuck, Executive Director, SETI League

Arthur Caplan, Director, Center for Bioethics, University of Pennsylvania

Y olanda M oses, President, American Anthropological Association, and President, City College of New
Y ork

Meredith Small, Associate Professor of Anthropology, Cornell University

Freeman Dyson, Professor of Physics, Institute for Advanced Study, Princeton

Michael Jacobson, Executive Director, Center for Science in the Public Interest

Robert Alvarez, Department of Energy staff

Steve Cook, NASA spokesman

Karl Grossman, Professor of Journalism, SUNY Old Westbury

Helen Caldicott, pediatrician and peace activist

Jay Gould, former EPA official

Arjun Makhijani, President, Institute for Energy ad Environmental Research

Thomas Cochran,senior scientist, Natural Resources Defense Council (NRDC)

Ashok Gupta, Senior Energy Policy Analyst, NRDC

David Schwarzbach, Project Associate for Nuclear Policy, NRDC

Richard Gott, cosmologist, Princeton University

Karl Drlica, Professor of Biology and Microbiology, New Y ork University

Wendy McGoodwyn, Executive Director, Council for Responsible Genetics

Andrew Kimbrell, former Policy Director of the Foundation on Economic Trends

Jerome Glenn, Millennium Project

Jane Rissler, senior staff scientist, Union of concerned Scientists

Charles Pillar, author of Gene Wars

Eric Chivian, International Physicians for the Prevention of Nuclear War

Jack Geiger, co-founder, Physicians for Social Responsibility

Gordon Thompson, Director, Institute for Resource and Security Studies

| also wish to thank those individuals who have given me encourgement and have read large portions of
this book, including Karl Drlica, Joel Gersten, Mike and Iris Anshel, Tadmiri Venkatesh, and others. |
would especialy like to thank my agent, Stuart Krichevsky, who has guided several of my popular books
from conception to the bookshelf, and of course my editor at Anchor Books, Roger School, whose sharp,

critical eye has vastly improved the presentation of the manuscript and also helped to focus its message
with clarity and thoughtful ness.



MICHIO KAKU
NEW YORK, N.Y.
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PART ONE
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1
Choreographers of Matter, Life, and Intelligence
"There are three great themes in science in the twentieth centurythe atom, the computer, and the
gene."
HAROLD VARMUS, NIH Director
"Prediction is very hard, especially when it's about the future.”
YOGI BERRA
Three centuries ago, |saac Newton wrote: ". . . to myself | seem to have been only like aboy playing on a

seashore, and diverting myself in now and then finding a smoother pebble or a prettier shell than
ordinary, whilst the great ocean of truth lay all undiscovered before me." When Newton surveyed the vast
ocean of truth which lay before him, the laws of nature were shrouded in an impenetrable veil of mystery,
awe, and superstition. Science as we know it did not exist.

Lifein Newton's time was short, cruel, and brutish. People were illiterate for the most part, never owned a
book or entered a classroom, and rarely ventured beyond severa miles of their birthplace. During the day,
they toiled at backbreaking work in the fields under a merciless sun. At night, there was usually no
entertainment or relief to comfort them except the empty sounds of the night. Most people knew firsthand
the gnawing pain of hunger and chronic, debilitating disease. Most people
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would live not much longer than age thirty, and would see many of their ten or so children diein infancy.

But the few wondrous shells and pebbles picked up by Newton and other scientists on the seashore hel ped
to trigger a marvelous chain of events. A profound transformation occurred in human society. With
Newton's mechanics came powerful machines, and eventually the steam engine, the motive force which
reshaped the world by overturning agrarian society, spawning factories and stimulating commerce,
unleashing the industrial revolution, and opening up entire continents with the railroad.

By the nineteenth century, a period of intense scientific discovery was well underway. Remarkable
advances in science and medicine helped to lift people out of wretched poverty and ignorance, enrich
their lives, empower them with knowledge, open their eyes to new worlds, and eventually unleash
complex forces which would topple the feudal dynasties, fiefdoms, and empires of Europe.

By the end of the twentieth century, science had reached the end of an era, unlocking the secrets of the
atom, unraveling the molecule of life, and creating the el ectronic computer. With these three fundamental
discoveries, triggered by the quantum revolution, the DNA revolution, and the computer revolution, the
basic laws of matter, life, and computation were, in the main, finally solved.

That epic phase of science is now drawing to a close; one erais ending and another is only beginning.

This book is about this new dynamic era of science and technology which is now unfolding before our
eyes. It focuses on science in the next 100 years, and beyond. The next era of science promisesto be an
even deeper, more thoroughgoing, more penetrating one than the last.

Clearly, we are on the threshold of yet another revolution. Human knowledge is doubling every ten years,
In the past decade, more scientific knowledge has been created than in all of human history. Computer
power is doubling every eighteen months. The Internet is doubling every year. The number of DNA
sequences we can analyze is doubling every two years. Almost daily, the headlines herald new advances
in computers, telecommunications, biotechnology, and space exploration. In the wake of this
technological upheaval, entire industries and lifestyles are being overturned, only to giverise to entirely
new ones. But these rapid, bewildering changes are not just quantitative. They mark the birth pangs of a
new era

Today, we are again like children walking on the seashore. But the ocean that Newton knew as a boy has

largely disappeared. Before us lies a new ocean, the ocean of endless scientific possibilities and
applications,
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giving us the potential for the first time to manipulate and mold these forces of Nature to our wishes.

For most of human history, we could only watch, like bystanders, the beautiful dance of Nature. But
today, we are on the cusp of an epoch-making transition, from being passive observers of Nature to being
active choreographers of Nature. It isthis tenet that forms the central message of Visions. The era now
unfolding makes this one of the most exciting timesto be alive, alowing usto reap the fruits of the last
2,000 years of science. The Age of Discovery in science is coming to aclose, opening up an Age of
Mastery.

Emerging Consensus Among Scientists

What will the future look like? Science fiction writers have sometimes made preposterous predictions
about the decades ahead, from vacationing on Mars to banishing all diseases. And even in the popular
press, al too often an eccentric social critic'sindividual prejudices are substituted for the consensus
within the scientific community. (In 1996, for example, The New York Times Magazine devoted an entire
issue to life in the next 100 years. Journalists, sociologists, writers, fashion designers, artists, and
philosophers all submitted their thoughts. Remarkably, not a single scientist was consulted.)

The point hereis that predictions about the future made by professional scientists tend to be based much
more substantially on the realities of scientific knowledge than those made by social critics, or even those
by scientists of the past whose predictions were made before the fundamental scientific laws were
completely known.

Itis, | think, an important distinction between Visions, which concerns an emerging consensus among the
scientists themselves, and the predictions in the popular press made almost exclusively by writers,
journalists, sociologists, science fiction writers, and others who are consumers of technology, rather than
by those who have helped to shape and create it. (One is reminded of the prediction made by Admiral
William Leahy to President Truman in 1945: "That is the biggest fool thing we have ever done.

... The [atomic] bomb will never go off, and | will speak as an expert in explosives." The admiral, like
many "futurists” today, was substituting his own prejudices for the consensus of physicists working on
the bomb.)

Asaresearch physicigt, | believe that physicists have been particularly successful at predicting the broad
outlines of the future. Professionally, | work in one of the most fundamental areas of physics, the quest to
complete Einstein's dream of a "theory of everything." Asaresult, | am
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constantly reminded of the ways in which quantum physics touches many of the key discoveries that
shaped the twentieth century.

In the past, the track record of physicists has been formidable: we have been intimately involved with
introducing a host of pivotal inventions (TV, radio, radar, X-rays, the transistor, the computer, the laser,
the atomic bomb), decoding the DNA molecule, opening new dimensions in probing the body with PET,
MRI, and CAT scans, and even designing the Internet and the World Wide Web. Physicists are by no
means seers who can foretell the future (and we certainly haven't been spared our share of silly
predictions!). Nonetheless, it is true that some of the shrewd observations and penetrating insights of
leading physicistsin the history of science have opened up entirely new fields.

There undoubtedly will be some astonishing surprises, twists of fate, and embarrassing gaps in thisvision
of the future: | will almost inevitably overlook some important inventions and discoveries of the twenty-
first century. But by focusing on the interrelations between the three great scientific revolutions, and by
consulting with the scientists who are actively bringing about this revolution and examining their
discoveries, it is my hope that we can see the direction of science in the future with considerable insight
and accuracy.

Over the past ten years, while working on this book, | have had the rare privilege of interviewing over
150 scientists, including a good many Nobel Laureates, in part during the course of preparing a weekly
national science radio program and producing science commentaries.

These are the scientists who are tirelessly working in the trenches, who are laying the foundations of the
twenty-first century, many of whom are opening up new avenues and vistas for scientific discovery. In
these interviews, as well as through my own work and research, | was able to go back over the vast
panorama of science laid out before me and draw from awide variety of expertise and knowledge. These
scientists have graciously opened their offices and their |aboratories and shared their most intimate
scientific ideas with me. In this book, I've tried to return the favor by capturing the raw excitement and
vitality of their scientific discoveries, for it is essential to instill the romance and excitement of science in
the general public, especially the young, if democracy isto remain avibrant and resonating forcein an
increasingly technological and bewildering world.

The fact isthat there is arough consensus emerging among those engaged in research about how the

future will evolve. Because the laws behind the quantum theory, computers, and molecular biology are
now well established, it is possible for scientists to generally predict the paths
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of scientific progressin the future. Thisisthe central reason why the predictions made here, | fedl, are
mor e accurate than those of the past.

What is emerging is the following.

The Three Pillars of Science
Matter. Life. The Mind.

These three elements form the pillars of modern science. Historians will most likely record that the
crowning achievement of twentieth-century science was unraveling the basic components underlying
these three pillars, culminating in the splitting of the nucleus of the atom, the decoding of the nucleus of
the cell, and the development of the electronic computer. With our basic understanding of matter and life
largely complete, we are witnessing the close of one of the great chapters in the history of science. (This
does not mean that all the laws of these three pillars are completely known, only the most fundamental.
For example, although the laws of electronic computers are well known, only some of the basic laws of
artificial intelligence and the brain are known.)

The first of these twentieth-century revolutions was the quantum revolution, the most fundamental of all.
It was the quantum revolution that later helped to spawn the two other great scientific revolutions, the
biomolecular revolution and the computer revolution.

The Quantum Revolution

Since time immemorial, people have speculated what the world was made of . The Greeks thought that the
universe was made of four elements. water, air, earth, and fire. The philosopher Democritus believed that
even these could be broken down into smaller units, which he called "atoms." But attemptsto explain
how atoms could create the vast, wondrous diversity of matter we see in Nature always faltered. Even
Newton, who discovered the cosmic laws which guided the motion of planets and moons, was at aloss to
explain the bewildering nature of matter.

All this changed in 1925 with the birth of the quantum theory, which has unleashed a thundering tidal
wave of scientific discovery that continues to surge unabated to this day. The quantum revolution has
now given us an amost complete description of matter, allowing us to describe the seemingly infinite
multiplicity of matter we see arrayed around us in terms of a handful of particles, in the same way that a
richly decorated tapestry is woven from afew colored strands.

The quantum theory, created by Erwin Schrodinger, Werner, Heisenberg, and many others, reduced the

mystery of matter to afew postulates. First, that energy is not continuous, as the ancients thought, but
occursin

< previous page page 7 next page >



< previous page page 8 next page >
Page 8

discrete bundles, called "quanta.” (The photon, for example, is a quantum or packet of light.) Second, that
subatomic particles have both particle and wavelike qualities, obeying a well-defined equation, the
celebrated Schrodinger wave equation, which determines the probability that certain events occur. With
this equation, we can mathematically predict the properties of awide variety of substances before creating
them in the laboratory. The culmination of the quantum theory is the Standard Model, which can predict
the properties of everything from tiny subatomic quarks to giant supernovas in outer space.

In the twentieth century, the quantum theory has given us the ability to understand the matter we see
around us. In the next century, the quantum revolution may open the door to the next step: the ability to
manipulate and choreograph new forms of matter, almost at will.

The Computer Revolution

In the past, computers were mathematical curiosities; they were supremely clumsy, messy contraptions,
consisting of acomplex mass of gears, levers, and cogs. During World War |1, mechanical computers
were replaced by vacuum tubes, but they were also monstrous in size, filling up entire rooms with racks
of thousands of vacuum tubes.

The turning point came in 1948, when scientists at Bell Laboratories discovered the transistor, which
made possible the modern computer. A decade after that, the laser was discovered, which is essential to
the Internet and the information highway. Both are quantum mechanical devices.

In the quantum theory, electricity can be understood as the movement of electrons, just as droplets of
water can make ariver. But one of the surprises of the quantum theory is that there are "bubbles” or
"holes" in the current, corresponding to vacancies in electron states, which act asif they are electrons
with positive charge. The motion of these currents of both holes and electrons alows transistors to
amplify tiny electrical signals, which forms the basis of modern electronics.

Today, tens of millions of transistors can be crammed into an areathe size of afingernail. In the future,
our lifestyleswill be irrevocably changed when microchips become so plentiful that intelligent systems
are dispersed by the millionsinto all parts of our environment.

In the past, we could only marvel at the precious phenomenon called intelligence; in the future, we will be
able to manipulate it according to our wishes.
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The Biomolecular Revolution

Historically, many biologists were influenced by the theory of "vitalism'i.e., that a mysterious "life force"
or substance animated living things. This view was challenged when Schrodinger, in his 1944 book What
IsLife?, dared to clam that life could be explained by a"genetic code" written on the molecules within a
cell.It was abold idea: that the secret of life could be explained by using the quantum theory.

James Watson and Francis Crick, inspired by Schrodinger's book, eventually proved his conjecture by
using X-ray crystallography. By analyzing the pattern of X-rays scattered off a DNA molecule, they were
able to reconstruct the detailed atomic structure of DNA and identify its double-helical nature. Since the
guantum theory also gives us the precise bonding angles and bonding strength between atoms, it enables
us to determine the position of practically all the individual molecules in the genetic code of a complex
viruslike HIV.

The techniques of molecular biology will allow us to read the genetic code of life aswe would read a
book. Already, the complete DNA code of several living organisms, like viruses, single-cell bacteria, and
yeast, have been completely decoded, molecule for molecule.

The complete human genome will be decoded by the year 2005, giving us an "owner's manual” for a
human being. Thiswill set the stage for twenty-first century science and medicine. Instead of watching
the dance of life, the biomolecular revolution will ultimately give us the nearly godlike ability to
manipulate life almost at will.

From Passive Bystanders to Active Choreographers of Nature

Some commentators, witnessing these historic advances in science over the past century, have claimed
that we are seeing the demise of the scientific enterprise. John Horgan, in his book The End of Science,
writes: "If one believes in science, one must accept the possibilityeven the probabilitythat the great era of
scientific discovery isover. . . . Further research may yield no more great revelations or revolutions, but
only incremental, diminishing returns.”

In one limited sense, Horgan is right. Modern science has no doubt uncovered the fundamental laws
underlying most of the disciplines of science: the quantum theory of matter, Einstein's theory of space-
time, the Big Bang theory of cosmology, the Darwinian theory of evolution, and the molecular basis of
DNA and life. Despite some notable exceptions (e.g., determining the nature of consciousness and
proving that superstring theory, my particular field of specialization, isthe fabled unified
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field theory), the "great ideas" of science, for the most part, have probably been found.

Likewise, the era of reductionismi.e., reducing everything to its smallest componentsis coming to a close.
Reductionism has been spectacularly successful in the twentieth century, unlocking the secrets of the
atom, the DNA molecule, and the logic circuits of the computer. But reductionism has probably, in the
main, run its course.

However, thisis just the beginning of the romance of science. These scientific milestones certainly mark
asignificant break with the ancient past, when Nature was interpreted through the prism of animism,
mysticism, and spiritualism. But they only open the door to an entirely new era of science.

The next century will witness an even more far-reaching scientific revolution, as we make the transition
from unraveling the secrets of Nature to becoming masters of Nature.

Sheldon Glashow, a Nobel Laureate in physics, describes this difference metaphorically when he tells the
story of avisitor named Arthur from another planet meeting earthlings for the first time:

"Arthur [is] anintelligent alien from adistant planet who arrives at Washington Square [in New Y ork
City] and observes two old codgers playing chess. Curious, Arthur gives himself two tasks: to learn the
rules of the game, and to become a grand master.” By carefully watching the moves, Arthur is gradually
able to reconstruct the rules of the game: how pawns advance, how queens capture knights, and how
vulnerable kings are. However, just knowing the rules does not mean that Arthur has become a grand
master! As Glashow adds: "Both kinds of endeavors are importantone more ‘relevant,’ the other more
'fundamental.’ Both represent immense challenges to the human intellect.”

In some sense, science has finally decoded many of the fundamental "rules of Nature,” but this does not
mean that we have become grand masters. Likewise, the dance of elementary particles deep inside stars
and the rhythms of DNA molecules coiling and uncoiling within our bodies have been largely deciphered,
but this does not mean that we have become master choreographers of life.

In fact, the end of the twentieth century, which ended the first great phase in the history of science, has

only opened the door to the exciting developments of the next. We are now making the transition from
amateur chess players to grand masters, from observers to choreographers of Nature.
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From Reductionism to Synergy

Similarly, thisis creating a new approach in the way in which scientists view their own discipline. In the
past, the reductionist approach has paid off handsomely, eventually establishing the foundation for
modern physics, chemistry, and biology.

At the heart of this success was the discovery of the quantum theory, which helped to spark the other two
revolutions.

Computer
Revolution

Transistor, Laser

Cluantum
Revolution

X-ray crystallography
Theory of chemical bonding

Biomolecular
Ravolution

The quantum revolution gave birth to the computer and biomolecular
revolutions via the transistor, laser, X-ray crystallography, and the theory
of molecular bonds.

But since the quantum theory helped to initiate these other revolutions in the 1950s, they have since

matured and grown on their own, largely independent of physics and of each other. The watchword was
specialization, as scientists probed deeper and deeper into their subdisciplines,
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smugly ignoring the devel opments in other fields. But now the heyday of reductionism has probably
passed. Seemingly impenetrable obstacles have been encountered which cannot be solved by the smple
reductionist approach. Thisis heralding anew era, one of synergy between the three fundamental
revolutions.

This is the second main theme of this book.

The twenty-first century, unlike the previous ones, will be typified by synergy, the cross-fertilization
between al three fields, which will mark a sharp turning point in the development of science. The cross-
pollination between these three revolutions will be vastly accelerated and will enrich the development of
science, giving us unprecedented power to manipulate matter, life, and intelligence.

Infact, it will be difficult to be aresearch scientist in the future without having some working knowledge
of all these three areas. Already, scientists who do not have some understanding of these three revolutions
are finding themselves at a distinct competitive disadvantage.

The new relationship between the three revolutionsis an intensely dynamic one. Often, when an impasse
isreached in one area, usually atotally unexpected development in another field is found to contain the
solution. For example, biologists once despaired of ever deciphering the millions of genes which contain
the blueprint for life. But the recent torrent of genes being discovered in our laboratoriesis being driven
largely by a development in another field: the exponential increase in computer power, which is
mechanizing and automating the genesequencing process. Similarly, silicon computer chips will
eventually hit aroadblock as they become too clumsy for the computer of the next century. But new
advances in DNA research are making possible a new type of computer architecture which actually
computes on organic molecules. Thus, discoveriesin one field nourish and fertilize discoveriesin totally
unrelated fields. The whole is more than the sum of its parts.

One of the consequences of thisintense synergy between these revolutionsis that the steady pace of
scientific discovery is accelerating at an ever-increasing rate.

The Wealth of Nations

This acceleration of science and technology into the next century will necessarily have vast repercussions
on the wealth of nations and our standard of living. For the past three centuries, wealth was usually
accumulated by those nations which were endowed with rich natural resources or which amassed large
amounts of capital. Therise of the Great Powers of
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Europe in the nineteenth century and the United States in the twentieth century follows this classic
textbook principle.

However, as Lester C. Thurow, former dean of MIT's Sloan School of Management, has stressed, in the
coming century, there will be a historic movement in wealth away from nations with natural resources
and capital. In the same way that shiftsin the earth's tectonic plates can generate powerful earthquakes,
this seismic shift in wealth will reshape the distribution of power on the planet. Thurow writes. "In the
twenty-first century, brainpower and imagination, invention, and the organization of new technologies are
the key strategic ingredients.” In fact, many nations which are richly endowed with abundant natural
resources will find their wealth vastly reduced because, in the marketplace of the future, commodities will
be cheap, trade will be global, and markets will be linked electronically. Already, the commodity prices
of many natural resources plummeted some 60 percent from the 1970s to the 1990s, and, in Thurow's
estimation, will plummet another 60 percent by 2020.

Even capital itself will be reduced to acommodity, racing around the globe electronically. Many nations
which are barren of natural resources will flourish in the next century because they placed a premium on
those technol ogies which can give them a competitive edge in the global marketplace. "Today,
knowledge and skills now stand alone as the only source of comparative advantage,” Thurow asserts.
As a consequence, some nations have drawn up lists of the key technologies which will serve asthe
engines of wealth and prosperity into the next century. A typical list was compiled in 1990 by Japan's
Ministry of International Trade and Industry. That list included:

microel ectronics

biotechnol ogy

the new material science industries

telecommunications

civilian aircraft manufacturing

machine tools and robots

computers (hardware and software)

Without exception, every one of the technologies singled out to lead the twenty-first century are deeply
rooted in the quantum, computer, and DNA revolutions.

The point is that these three scientific revolutions are not only the key to scientific breakthroughsin the
next century; they are also the dynamic engines of wealth and prosperity. Nations may rise and fall on
their ability to master these three revolutions. In any activity, there are winners and losers. The winners
will likely be those nations which fully grasp the vital impor-
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tance of these three scientific revolutions. Those who would scoff at the power of these revolutions may
find themselves marginalized in the global marketplace of the twenty-first century.

Time Frames for the Future

In making predictions about the future, it is crucia to understand the time frame being discussed, for,
obviously, different technologies will mature at different times. The time frames of the predictions made
in Visions fall into three categories: those breakthroughs and technologies that will evolve between now
and the year 2020, those that will evolve from 2020 to 2050, and those that will emerge from 2050 to the
end of the twenty-first century. (These are not absolute time frames; they represent only the general
period in which certain technologies and sciences will reach fruition.)

To The Year 2020

From now to the year 2020, scientists foresee an explosion in scientific activity such as the world has
never seen before. In two key technologies, computer power and DNA sequencing, we will see entire
industries rise and fall on the basis of breathtaking scientific advances. Since the 1950s, the power of our
computers has advanced by afactor of roughly ten billion. In fact, because both computer power and
DNA sequencing double roughly every two years, one can compute the rough time frame over which
many scientific breakthroughs will take place. This means that predictions about the future of computers
and biotechnology can be quantified with reasonable statistical accuracy through the year 2020.

For computers, this staggering growth rate is quantified by Moore's law, which states that computer
power doubles roughly every eighteen months. (Thiswasfirst stated in 1965 by Gordon Moore, co-
founder of the Intel Corp. It isnot a scientific law, in the sense of Newton's laws, but a rule-of-thumb
which has uncannily predicted the evolution of computer power for several decades.) Moore's law, in
turn, determines the fate of multibillion-dollar computer corporations, which base their future projections
and product lines on the expectation of continued growth. By 2020, microprocessors will likely be as
cheap and plentiful as scrap paper, scattered by the millions into the environment, allowing usto place
intelligent systems everywhere. Thiswill change everything around us, including the nature of commerce,
the wealth of nations, and the way we communicate, work, play, and live. Thiswill give us smart homes,
cars, TVs, clothes, jewelry, and money. We will speak to our appliances, and they will speak back.
Scientists also expect the Internet will wire up the
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entire planet and evolve into amembrane consisting of millions of computer networks, creating an
"intelligent planet." The Internet will eventually become a"Magic Mirror” that appearsin fairy tales, able
to speak with the wisdom of the human race.

Because of revolutionary advancesin our ability to etch ever-smaller transistors onto silicon wafers,
scientists expect this relentless drive to continue to generate newer and more powerful computers up to
2020, when theiron laws of quantum physics eventually take over once again. By then, the size of
microchip components will be so smallroughly on the scale of moleculesthat quantum effects will
necessarily dominate and the fabled Age of Silicon will end.

The growth curve for biotechnology will be equally spectacular in this period. In biomolecular research,
what is driving the remarkable ability to decode the secret of lifeis the introduction of computers and
robots to automate the process of DNA sequencing. This process will continue unabated until roughly
2020, until literally thousands of organismswill have their complete DNA code unraveled. By then, it
may be possible for anyone on earth to have their personal DNA code stored on a CD. We will then have
the Encyclopedia of Life.

Thiswill have profound implications for biology and medicine. Many genetic diseases will be eliminated
by injecting people's cells with the correct gene. Because cancer is now being revealed to be a series of
genetic mutations, large classes of cancers may be curable at last, without invasive surgery or
chemotherapy. Similarly, many of the microorganisms involved in infectious diseases will be conquered
in virtual reality by locating the molecular weak spotsin their armor and creating agents to attack those
weak spots. Our molecular knowledge of cell development will be so advanced that we will be able to
grow entire organsin the laboratory, including livers and kidneys.

From 2020 To 2050

The prediction of explosive growth of computer power and DNA sequencing from now through 2020 is
somewhat deceptive, in that both are driven by known technologies. Computer power is driven by
packing more and more transistors onto microprocessors, while DNA sequencing is driven by
computerization. Obviously, these technol ogies cannot indefinitely continue to grow exponentially.
Sooner or later, a bottleneck will be hit.

By around 2020, both will encounter large obstacles. Because of the limits of silicon chip technology,
eventually we will be forced to invent new technol ogies whose potentials are largely unexplored and
untested, from optical computers, molecular computers, and DNA computers to
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guantum computers. Radically new designs must be developed, based on the quantum theory, which will
likely disrupt progressin computer science. Eventually, the reign of the microprocessor will end, and new
types of quantum devices will take over.

If these difficultiesin computer technology can be overcome, then the period 2020 to 2050 may mark the
entrance into the marketplace of an entirely new kind of technology: true robot automatons that have
common sense, can understand human language, can recognize and manipul ate objects in their
environment, and can learn from their mistakes. It is a development that will likely alter our relationship
with machines forever.

Similarly, biotechnology will face a new set of problems by 2020. The field will be flooded with millions
upon millions of genes whose basic functions are largely unknown. Even before 2020, the focus will shift
away from DNA sequencing to understanding the basic functions of these genes, a process which cannot
be computerized, and to understand polygenic diseases and traitsi.e., those involving the complex
interaction of multiple genes. The shift to polygenic diseases may prove to be the key to solving some of
the most pressing chronic diseases facing humanity, including heart disease, arthritis, autoimmune
diseases, schizophrenia, and the like. It may also lead to cloning humans and to isolating the fabled "age
genes' which control our aging process, allowing us to extend the human life span.

Beyond 2020, we also expect some amazing new technol ogies germinating in physics laboratories to
come to fruition, from new generations of lasers and holographic three-dimensional TV to nuclear fusion.
Room-temperature superconductors may find commercial applications and generate a "second industrial
revolution." The quantum theory will give us the ability to manufacture machines the size of molecules,
thereby opening up an entirely new class of machines with unheard-of properties called nanotechnology.
Eventually, we may be able to build ionic rocket engines that may ultimately make interplanetary travel
commonplace.

From 2050 To 2100 And Beyond

Last, Visions makes predictions about breakthroughs in science and technology from 2050 to the dawn of
the twenty-second century. Although any predictions this far into the future are necessarily vague, itisa
period that will likely be dominated by several new devel opments. Robots may gradually attain a degree
of "self-awareness’ and consciousness of their own. This could greatly increase their utility in society, as
they are able to make independent decisions and act as secretaries, butlers, assistants, and aides.

Similarly, the DNA revolution will have advanced to the point where biogeneticists are able to create new
types of organismsinvolving
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the transfer of not just afew but even hundreds of genes, alowing usto increase our food supply and
improve our medicines and our health. It may also give us the ability to design new life forms and to
orchestrate the physical and perhaps even the mental makeup of our children, which raises a host of
ethical questions.

The quantum theory, too, will exert a powerful influence in the next century, especially in the area of
energy production. We may also see the beginnings of rockets that can reach the nearby stars and plansto
form the first coloniesin space.

Beyond 2100, some scientists see a further convergence of all three revolutions, as the quantum theory
gives ustransistor circuits and entire machines the size of molecules, allowing us to duplicate the neural
patterns of the brain on a computer. In this era, some scientists have given serious thought to extending
life by growing new organs and bodies, by manipulating our genetic makeup, or even by ultimately
merging with our computerized creations.

Toward aPlanetary Civilization

When confronted with dizzying scientific and technological upheaval on this scale, there are some voices
that say we are going too far, too fast, that unforeseen social consequences will be unleashed by these
scientific revolutions.

I will try to address these legitimate questions and concerns by carefully exploring the sensitive social
implications of these powerful revolutions, especially if they aggravate existing fault lines within society.

In addition, we will address an even more far-reaching question: to where are we rushing? If one era of
science is ending and another is just beginning, then whereisthis all leading to?

Thisis exactly the question asked by astrophysicists who scan the heavens searching for signs of
extraterrestrial civilizations which may be far more advanced than ours. There are about 200 billion stars
in our galaxy, and trillions of galaxies in outer space. Instead of wasting millions of dollars randomly
searching all the starsin the heavens for signs of extraterrestrial life, astrophysicists engaged in this
search have tried to focus their efforts by theorizing about the energy characteristics and signatures of
civilizations severa centuries to millennia more advanced than ours.

Applying the laws of thermodynamics and energy, astrophysicists who scan the heavens have been able
to classify hypothetical extraterrestrial civilizationsinto three types, based on the ways they utilize
energy. Russian astronomer Nikolai Kardashev and Princeton physicist Freeman Dyson label them Type
[, 11, and 111 civilizations.
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Assuming amodest yearly increase in energy consumption, one can extrapolate centuries into the future
when certain energy supplies will be exhausted, forcing society to advance to the next level.

A Typel civilization is one that has mastered all forms of terrestrial energy. Such acivilization can
modify the weather, mine the oceans, or extract energy from the center of their planet. Their energy needs
are so large that they must harness the potential resources of the entire planet. Harnessing and managing
resources on this gigantic scale requires a sophisticated degree of cooperation among their individuals
with elaborate planetary communication. This necessarily means that they have attained atruly planetary
civilization, one that has put to rest most of the factional, religious, sectarian, and nationalistic struggles
that typify their origin.

Type Il civilizations have mastered stellar energy. Their energy needs are so great that they have
exhausted planetary sources and must use their sun itself to drive their machines. Dyson has speculated
that, by building a giant sphere around their sun, such acivilization might be able to harness their sun's
total energy output. They have also begun the exploration and possible colonization of nearby star
systems.

Type Il civilizations have exhausted the energy output of a single star. They must reach out to
neighboring star systems and clusters, and eventually evolve into a galactic civilization. They obtain their
energy by harnessing collections of star systems throughout the galaxy.

(To give asense of scale, the United Federation of Planets described in Star Trek probably qualifies for
an emerging Type |l status, as they have just attained the ability to ignite stars and have colonized afew
nearby star systems.)

This system of classifying civilizations is a reasonable one because it relies on the available supply of
energy. Any advanced civilization in space will eventually find three sources of energy at their disposal:
their planet, their star, and their galaxy. There is no other choice.

With a modest growth rate of 3 percent per yearthe growth rate typically found on earthone can calculate
when our planet might make the transition to a higher statusin the galaxy. For example, astrophysicists
estimate that, based on energy considerations, a factor of ten billion may separate the energy demands
between the various types of civilizations. Although this staggering number at first seemslike an
insurmountable obstacle, a steady 3 percent growth rate can overcome even this factor. In fact, we can
expect to reach Type | status within a century or two. To reach Type Il status may require no more than
about 800 years. But attaining Type Il status may take on the order of 10,000 years or more (depending
on the physics of interstellar travel). But even thisis nothing but the twinkling of an eye from the
perspective of the universe.
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Where are we now? you might ask. At present, we are a Type O civilization. Essentially, we use dead
plants (coal and oil) to energize our machines. On this planetary scale, we are like children, taking our
first hesitant and clumsy steps into space. But by the close of the twenty-first century, the sheer power of
the three scientific revolutions will force the nations of the earth to cooperate on a scale never seen before
in history. By the twenty-second century, we will have laid the groundwork of a Type | civilization, and
humanity will have taken the first step toward the stars.

Already the information revolution is creating global links on a scale unparaleled in human history,
tearing down petty, parochial interests while creating aglobal culture. Just as the Gutenberg printing
press made people aware of worlds beyond their village or hamlet, the information revolution is building
and forging a common planetary culture out of thousands of smaller ones.

What this means is that our headlong journey into science and technology will one day lead usto evolve
into atrue Type | civilizationa planetary civilization which harnesses truly planetary forces. The march to
aplanetary civilization will be slow, accomplished in fits and starts, undoubtedly full of unexpected
twists and setbacks. In the background always lurks the possibility of a nuclear war, the outbreak of a
deadly pandemic, or a collapse of the environment. Barring such a collapse, however, | think it is safeto
say that the progress of science has the potential to create forces which will bind the human race into a
Type civilization.

Far from witnessing the end of science, we see that the three scientific revolutions are unleashing
powerful forces which may eventually elevate our civilization to Type | status. So when Newton first
gazed alone at the vast, uncharted ocean of knowledge, he probably never realized that the chain reaction
of events that he and othersinitiated would one day affect all of modern society, eventually forging a
planetary civilization and propelling it on its way to the stars.
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PART TWO
THE COMPUTER REVOLUTION
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2
The Invisible Computer

"Long-term, the PC and workstation will wither because computing access will be everywhere: in the
walls, on wrists, and in 'scrap computers (like scrap paper) lying about to be grabbed as needed.”
MARK WEISER, Xerox PARC

The Xerox Parc (Palo Alto Research Center) lies nestled in the quiet, rolling hills overlooking Silicon
Valley, surrounded by acres of golden-brown fields lying under a brilliant sky. With a herd of horses
grazing quietly nearby, one might never suspect that Xerox PARC sitsin the eye of a hurricane that may
help to reshape the twenty-first century. Anyone who doubts Xerox PARC's uncanny ability to predict the
future of computer technology need only examine its remarkable history of picking winners.

Outside the front entrance, there is no sign or poster that properly introduces visitors to the historic
significance of thislab. But by rights, Xerox PARC could claim, "The PC was invented here," not to
mention laying the foundation for the laser printer and the program that eventually became the basis for
the Macintosh and Windows operating systems.

Evenin the fiercely competitive Silicon Valley, Xerox PARC has built up a formidable reputation in an
industry moving at breakneck speed. If we are experiencing atidal wave of new products and high-tech

gadgets coming from Silicon Valley, it's because Xerox PARC built the foundation that led to their
invention.

If anyone has seen the future, it isMark Weiser, former head of the
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Computer Science Laboratory of Xerox PARC, and his team of engineers. They belong to an elite cadre
of highly select computer scientists located in Silicon Valley and Cambridge who have the rare knack of
combining raw technical ability with creative, artistic virtuosity. Weiser is short, with thinning hair, with
an animated, engaging style and an impish smile. (He al'so has a mischievous side; he bangs on the drums
for araucous rock and roll bandappropriately called Severe Tire Damagewhich isfamous for its prankster-
like antics on the Internet.) When heis not jamming with his rock and roll band, heis busily constructing
the computer architecture of the twenty-first century. The goal of histeam isto foresee the next stagein
the evolution of the computer.

Because microchips are becoming so powerful and so cheap, Weiser and computer scientists like him
believe that microchips will quietly disappear by the thousands into the fabric of our lives, and will be
incorporated into the walls, the furniture, our appliances, our home, our car, even our jewelry. A simple
necktie may one day contain more computing power than today's supercomputer. Already, prototypes of
these devices have been built which silently follow our movements from room to room and building to
building, seamlessly carrying out our commandsinvisibly.

The computer, far from being the demanding taskmaster it can be today, will be atruly liberating forcein
our lives. As Weliser notes. "Machines that fit the human environment instead of forcing humans to enter
theirs will make using a computer as refreshing as taking awalk in the woods." These invisible devices
will communicate with each other and tap in automatically to the Internet; gradually, they will become
intelligent and will be able to anticipate our wishes and, by accessing the Internet, bring the wisdom of
the planet to us.

The full implications of thisvision are astounding. By comparison, the PC is just a computing appliance.

The ideas of the people at places like Xerox PARC have attracted enormous attention because the
fortunes of a multibillion-dollar industry may one day ride on the silly doodlings and idle daydreams of
these engineering wizards. A consensus is growing among America's top computer experts. Computers,
instead of becoming the rapacious monsters featured in science fiction movies, will become so small and
ubiquitous that they will be invisible, everywhere and nowhere, so powerful that they will disappear from
view. Weiser has christened thisidea "ubiquitous computing.”

The Disappearing PC

This push toward invisibility may well be auniversal law of human behavior. As Weiser says:
"Disappearance is a fundamental consequence not of
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technology but of human psychology. Whenever people learn something sufficiently well, they cease to
be aware of it."

If that seems far-fetched, think of the evolution of electricity and the electric motor. In the nineteenth
century, electricity and the electric motor were so precious that entire factories were designed to
accommodate the presence of lightbulbs and bulky motors. The placement of workers, machine parts,
tables, and so on were all designed around the needs of electricity and the motor.

Today, however, electricity is everywhere, hidden in the walls and stored in tiny batteries. Motors are so
small and prevalent that scores of them are concealed inside the frame of a car, moving the windows,
mirrors, the radio dial, the tape deck, and antennas. Y et while we are driving, we are blissfully unaware
that we are surrounded by up to twenty-two motors and twenty-five solenoids.

To use an analogy, the next stage of the computer can be compared to the

evolution of writing. Several thousand years ago, writing was a secret art jealously controlled by a small
caste of scribes who were trained to write on clay tablets. These tablets were very scarce and were
laboriously baked and carefully guarded by the king's soldiers. When paper was first invented, it too was
an extremely precious commodity, taking hundreds of hoursto produce a simple scroll. Paper was so
expensive that only royalty had access to it. Most people only rarely caught fleeting glimpses of paper in
thelr lives.

Today, we are not even aware that we are surrounded by aworld brimming with paper and writing.
Strolling down the street, we see nothing special in the writing on billboards, gum wrappers, or street
signs. Every day, we grab scrap sheets of paper, scribble on them, and then throw them away. Writing has
progressed from being alabor-intensive, sacred form of communication jealously guarded by kings and
scribes into becoming invisible, disposable, and ubiquitous. (In fact, one of the single largest sources of
waste in modern society is paper, almost all of it with writing onit.)

While this vision of powerful but invisible computers hidden in our environment sounds impractical and
very expensive, that's an illusion. With the falling cost of microchips relentlessly driving down the costs
of computers, computers will be so cheap, Weiser claims, "that we'll think nothing of going to the grocery
store to pick up asix-pack of computers, just like we pick up batteries today."

In the computer industry, it takes roughly fifteen years, on the average, from the conception of an ideato

its entering the marketplace. The first PC, for example, was built at Xerox PARC in 1972, but it wasn't
until the late 1980s that the PC caught the public's fancy. Ubiquitous computing
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was conceived in 1988; it may take until the year 2003 to begin to see these ideas affect our livesin an
appreciable way. And it may be years after that before they reach "critical mass™ and ignite the
marketplace. But by 2010, one can expect to see ubiquitous computing becoming of age. By 2020, it will
dominate our lives.

Three Phases of Computing

It may be helpful to put the evolution of the computer into alarger historical context. Many computer
analysts divide the history of the computer into three or more distinct phases.

The first phase was dominated by the clunky but powerful mainframe computer, pioneered by IBM,
Burroughs, Honeywell, and others. Computers were so expensive that an entire division of scientists and
engineers was forced to share one giant mainframe. The ratio of computers to people was often one
computer for a hundred scientists. "Machines were so scarce and so expensive that man approached the
computer the way an ancient Greek approached an oracle,"said John Kemeny, former president of
Dartmouth University. "There was a certain degree of mysticism in the relationship, even to the extent
that only specially selected acolytes were allowed to have direct communication with the computer."

Aswith clay tablets, an entire "priesthood" developed around servicing and programming each computer;
to outsiders, they seemed to jealously guard their power and their access to the mainframe by dreaming
up inscrutable incantations and rituals.

The second phase of computing began in the early 1970s, when the engineers at Xerox PARC realized
that computer power was exploding even as the size of chips was imploding. They envisioned aratio of
computers to people that would eventually reach one-to-one. To test their ideas, in 1972 they created
ALTO, thefirst PC ever built.

The engineers at Xerox PARC realized that one bottleneck to computing was the fiendishly complicated
commands and clumsy manuals, often as thick as the Manhattan telephone book and just as illuminating.
Computers were not "user-friendly." They" user-belligerent."Why not, they mused, create a computer
screen which was based entirely on pictures or "icons' where you would simply point a "mouse"at these
pictograms to open programs and manipul ate them.

In one masterful stroke, computers, instead of being a painful rite of passage, could be operated from

scratch even by children. Using a computer could become a pleasant, playful, even enjoyable journey of
discovery navigating through unexplored and uncharted menus and playful icons.
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Later, the ideas of Xerox PARC were borrowed by Apple Computer, which eventually created the
Macintosh computer. Eventually, the Microsoft Corporation adopted Xerox PARC's ideas again in their
Windows program, which has since become almost the universal operating system for IBM-based
computers sold throughout the world. One wag dubbed this process of raiding the ideas of Xerox PARC
"inventing the past.”(Ironically enough, Appletried to sue Microsoft for piracy of its Macintosh operating
system, which, in turn, was pirated from Xerox PARC.)

The transition between these phases has never been easy. Even giant multibillion-dollar corporations have
been mercilessly crushed like eggshells because they were unable or unwilling to understand and adapt to
these phases of computing. Not very long ago, the IBM, Digital, and Wang corporations were the
towering giants of the computer business, with lucrative markets in the mainframe, minicomputer, and
word processing businesses, respectively. But they mistakenly thought this phase would last forever. Like
lumbering dinosaurs, al three thought the personal computer was a passing fad. In the end, all three were
shaken to their foundations. Wang is all but bankrupt, and both IBM and Digital were forced to throw out
their corporate leadership after devastating and humiliating multibillion-dollar losses.

The Third Phase and Beyond

The third phase of computersis now known as ubiquitous computing, which refers to a time when
computers are all connected to each other and the ratio of computers to people flips the other way, with as
many as one hundred computers for every person.

Even today's software giant, Microsoft, is trembling in the face of the tidal wave of the third phase that
began with the Internet. As Bill Gates admitted:"It's alittle scary that as computer technology has moved
ahead there's never been aleader from one erawho was also a leader in the next.Microsoft has been a
leader in the PC era." Suddenly realizing that Microsoft could be relegated to the dustbin of history by the
Internet, Gates wrenched his giant corporation completely around to accommodate the new advancesin
computer networks, amove he hadn't anticipated in the original edition of his 1995 book, The Road
Ahead.

By 2020, the era of ubiquitous computing should be in full flower. However, even this phase cannot

continue forever. Beyond 2020, it islikely that the reign of silicon will end and entirely new computer
architectures will have been created.
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Some computer analysts believe that thiswill lead to a fourth phase, the introduction of artificial
intelligence into computing systems. From 2020 to 2050, the world of computers may well be dominated
by invisible, networked computers which have the power of artificial intelligence: reason, speech
recognition, even common sense.

Some commentators believe that computing devices may even enter afifth phase beyond 2050, when
machines become self-aware and even conscious. The computing world from 2020 to 2100 will be
discussed in more detail in later chapters.

The implications of these phases are truly profound, affecting every aspect of our lives. A few of the
technological wonders which await us, especially in the next ten years, have already been profiled in the
media, asin Gates's book, such as the wallet PC and the smart home. Readers may be familiar with some
of these developments, which | will briefly review in this chapter. However, | will go far beyond this,
focusing on developments which will take us well past the coming decade to the end of the twenty-first
century.

Moore's Law

To appreciate the remarkable increase in computer power that is propelling us from one phase to the next,
it isimportant to remember that from 1950 to the present, there has been an increase in computer power
by afactor of about ten billion. At the heart of this explosive growth is Moore's law, which states that
computer power doubles every eighteen months. A rapid increase in power on this scale is almost
unheard of in the history of technology.

In order to better appreciate the size of this massive increase, it is helpful to realize that it islarger than
the transition from chemical explosivesto the hydrogen bomb! In fact, if we go back eighty years,
computer power hasincreased by afactor of onetrillion. These are the astronomical numbersthat are
inevitably driving usinto the third phase of computing. Using Moore's law, we can reasonably predict the
future of computer technology for the next twenty-five years. Moore's law is deceptive because our brains
function linearly, rather than exponentially. In the short term, we often see very little change year by year,
so we erroneously conclude that not much is happening. But over a period of five to ten years the changes
can become monumental.

Two of the most powerful forces in the world favor the long-term vision of ubiquitous computers: the
laws of economics and the laws of physics.

As the price of microprocessors continues its plunge, many predict that
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the sheer power of economics will drive the computer industry into the next phase. Ron Bernal, president
of MIPS Technologies, predicts that the price of the microchip will drop to 10 cents by the year 2000, 4
centsin 2005, and 2 centsin 2010. Thomas George, general manager of semiconductor products with
Motorola, basically agrees, estimating that the microchip will cost 50 centsin 2000, 7 cents in 2005, and
1 cent in 2010. Eventually, microprocessors will be as cheap as scrap paper, and just as plentiful.

This steady exponential explosion in computer power, in turn, will spawn entire industries that have no
counterpart in today's market. When the price of acomputer chip isjust one penny, the financial incentive
to include them everywhere, from our appliances to our furniture, our cars, and our factories, will be
enormous. In fact, companies that don't include a few computer chipsin their productswill be at a severe
competitive disadvantage. (Already, for example, musical greeting cards, which contain disposable music-
making chips, have more computer power than the computers that existed before 1950.) In the same way
that practically every product on the planet contains writing on it, in the third phase of computers every
product may contain a penny microprocessor.

As Andrew Grove, CEO of the giant Intel Corp. says, in the future computing power will be "practically
free and practically infinite."

But to understand the dynamics and limits of Moore's law, one must understand the power of the quantum
theorythe most fundamental physical theory of the universe.

What Drives Moore's Law?

The secret behind the success of Moore's law lies in the transistorhow it behaves and the way it is
manufactured. The transistor is basically avalve which controls the flow of electricity. In the same way
that firemen can control huge torrents of water flowing in afire hose by turning avalve, tiny voltages on
atransistor can control the flow of large currents of electricity. The dynamics of semiconductor
transistors, in turn, is governed by the quantum theory. (According to the quantum theory, the absence of
an electron within a semiconductor acts like an electron of opposite charge, i.e. a"hole" The quantum
theory dictates how these electrons and holes move in the transistor.)

What drives the success of Moore's law has been the struggle to miniaturize these transistors. The original

transistors were crude electrical components, about the size of a dime, and were connected by wires.
Transistors were originally built by hand. Today, transistors are made by
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using beams of light to make microscopic grooves and lines on silicon wafers (a process called
"photolithography™).

This process can be compared to making colorful T-shirts. The oldfashioned way is to paint each T-shirt
by hand. But a more efficient method isto place a stencil over each T-shirt and then spray it with ink. In
this way, one can repeatedly imprint images on T-shirts and massproduce them in unlimited quantity.
(Similarly light is projected through a special stencil called a "mask,"containing the desired pattern of
complex lines and circuitry, which is placed over a silicon wafer. The light beam focused through the
mask imprints the pattern on the wafer, which is photosensitive. The wafer is then treated with special
gases, which etch the circuitry into the wafer where it was exposed to light. The basic skeleton of the
circuit is carved out thisway. The transistors are created on these grooves by spraying the wafer with
gpecial ions. This process is repeated about twenty times, fashioning a multilayer system of silicon wafers
containing wires and transistors.)

Philosophers used to debate how many angels could dance on the head of a pin. Computer experts today
debate how many transistors can be crammed into a microprocessor by means of this etching process. The
Motorola Power PC 620, for example, has almost seven million transistors squeezed into silicon chips
smaller than a postage stamp. This miniaturization process, however, cannot continue indefinitely. There
isalimit to how many wires can be etched on awafer. That limit is the result, in part, of the wavelength
of the light beam.

Typicaly, the etching of silicon wafersis done by light beams from a mercury lamp, which have

wavel engths measured in microns (amicron is amillionth of a meter). Over the last few decades, Moore's
law has been driven by using increasingly smaller and smaller wavelengths of mercury light to
manufacture microprocessors. Mercury lamps emit light of wavelength .436 micron (in the visible range)
and .365 micron (in the ultraviolet range). These distances are about 300 times thinner than a human hair.

The technology that may dominate the first few years of the next century, perhaps until 2005, is based on
the pulsed excimer laser, which can push the wavelength down to .193 micron (in the deep ultraviolet

range). But beyond 2020, this process will end and entirely new technologies will be required, which will
be discussed in Chapter 5.

Sensors and the Invisible Computer

The idea of ubiquitous computing has been amplified and embellished by many of the key thinkersin the
computer field. Paul Saffo, director of the
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Institute for the Future and one of the leading futurists in the country, is one of many computer experts
who feel that some form of ubiquitous computing isinevitable, given the proliferation of cheap microchip
technology. His particular version of thisfutureis called the "electronic ecology."

When we analyze the ecology of aforest, we treat it as a collection of animals and plants which exist in
harmony and interact dynamically with each other. To Saffo, every ten years or so thereis akey
technological advance which changes the relationship between the creatures in what he terms the
electronic ecology.

The driving force behind the PC revolution in the 1980s, for example, was the microchip. In the 1990s, by
contrast, the explosive growth in the Internet (which I will turn to in more detail in the next chapter) was
driven by marrying the power of microprocessors with cheap lasers, which can carry trillions of bits of
data at the speed of light along glass fibers.

In the twenty-first century, he thinks, the next revolution will be driven by cheap sensors coupled to
microprocessors and lasers.

In Saffo's version of the third phase, we will be surrounded by tiny, invisible microprocessors sensing our
presence, anticipating our wishes, even reading our emotions. And these microprocessors will be
connected to the Internet. Equipped with these sensors, the "animals’ of his "electronic forest” will be
able to do what most computers cannot: sense our presence and even our mood. He points out wryly that
toilets can now recognize our presence (viainfrared sensors). But even the most advanced Cray
supercomputer istotally unaware of who, what, or where the person using the computer is. Saffo says, "If
ameteor smashed into my house and struck me while | was sitting next to my PC, it wouldn't have the
slightest clue as to what happened. It will still be awaiting my next instruction!”

In Saffo'sthird phase, we will interact with our invisible computers by using our gestures, our voice, our
body heat and electric field, and our body motions. Invisible computers will sense the world around them
viatwo invisible media, sound and the electromagnetic spectrum. Different invisible mediawill be used
for different purposes. For example, sensors will pick up our voice commands to carry out our wishes.
Using hidden video cameras, computers will be able to locate our presence and even recognize our facial
gestures. The location of our hands and body can be detected by measuring their electric fields. Smart
cars will use radar to sense the presence of other cars. Infrared light sensors will be able to locate where
we are by the heat we give off. Computers will communicate with each other and with the Internet via
radio and microwaves.
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The Smart Office and Home of the Future

Thefirst step in the long but exciting journey toward ubiquitous computing isto create marketable
computer devices called tabs, pads, and boards, which are roughly an inch, afoot, and ayard in size.
Perhaps 100 tabs, 10 to 20 pads, and one or two boards per room will likely be afixture of the office of
the future.

Tabs are tiny, inch-size clip-on badges that employees will wearsimilar to an employee's ID badge, except
that they will carry an infrared transmitter and have the power of a PC. Prototypes have aready been built
by Olivetti Cambridge.

As an employee moves within a building, the tabs can keep track of his or her precise location. Doors
magically open up when they are approached, lights come on as people enter aroom (and turn off
automatically asthey leave). Receptionists can actually locate anyone in the building. An intercom badge
allows employees to verbally communicate orders or make inquiries to the master computer.

There are endless possibilities for computer tabs. They may be able to scan the Internet for important
news and alert the wearer to crucial developmentsin industry or the stock market, to important calls, to
family emergencies, and so on. Tabs will be able to communicate with other tabs as well, silently
exchanging business information. Eventually, they may become so tiny they can be concealed in our cuff
links or tie clasps.

The larger, foot-size pads are the counterparts of disposable scrap paper that we scribble on. In
appearance, they will resemble extremely thin computer monitors, and will eventually become almost as
thin as paper itself. Instead of employees lugging a heavy workstation from room to room, each room will
have such "disposable” pads. These pads will have no individual identity at all. Aswith sheets of scrap
paper, we might have scores of them scattered around our desk. Unlike ordinary sheets of scrap paper,
however, each of these pads will be fully operational PCs connected to the main computer. Itis, ina
sense, the beginning of smart paper.

When we scribble on such smart paper, the graphics program inside will be able to convert our idle
doodles into beautiful graphics or use editing capabilities to convert our notes into grammatically correct
text. And after we are finished with it and have saved our work on the main computer, we simply toss it
in the stack of pads on our desk.

Y ard-long boards are huge computerized screens which are hung on awall. At home, such boards can
function as wall-size video screens for interactive TV or the Web. At the office, they serve as bulletin
boards and
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"white boards" on which we can scribble notes and post notices or which we can use as afull-fledged PC
connected to the Internet. They will also be used for teleconferencing. Instead of spending thousands of
dollars flying a staff from distant offices, a manager will be able to ssmply convert the board into alarge
wall screen and teleconference with his or her staff. Or doctors will be able to use them to supervise
surgery from distant locations.

Historically, one of the first devicesin our office or home to become "smart" was the typewriter. When a
chip wasfirst inserted into the typewriter, it was christened the word processor. Today, although afew
primitive chips may be scattered throughout the house, they are still not connected to each other. In the
future, if abig storm is predicted, your house will pick up the weather forecast from the Internet and
make the proper preparations, raising the temperature, alerting family members, and providing the latest
updates. The smart bathroom will monitor family members' health. In Japan, a computerized toilet is
being marketed which can diagnose simple medical problems. A person's pulse can be taken by the toilet
seat by sensing the tiny pulse in the thighs. Urine can be chemically analyzed for diabetes.

Although these medical diagnostic tools are still primitive, in the future scientists expect them to blossom
into sophisticated medical analyzers, acting as an electrocardiogram for the heart and detecting proteins
emitted by precancerous tissues. In the distant future, the smart home may serve as a computerized nurse,
carefully analyzing a person's state of health and sending the information silently and automatically to his
or her doctor.

The MIT MediaLab

Perhaps the institute most dedicated to bringing about the unification of media, art, and technology is the
MIT Media Laboratory, founded by Nicholas Negroponte. Hidden among the austere, faceless buildings
that make up the MIT campus, the Media Lab is housed in an ultramodern, white-tiled building designed
by architect.l. M. Pei. (Because of its distinctive design, the locals fondly refer to the building as the "Pei
toilet.")

The director of what is probably its most ambitious and provocative enterprise inspired by ubiquitous
computing, the Things That Think project, is physicist Neil Gershenfeld, who envisions a day when most
inanimate things around us will think.

A young man in ahurry, Gershenfeld istall, lanky, with alight beard and curly brown hair; heisalively,
intense man who has severa ironsin
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the fire at any one time. He can speak more rapidly on three subjects than most of us can on one.

Gershenfeld made a significant breakthrough when he found an entirely new way for computers to sense
our presence. The space around our bodiesisfilled by an invisible electric field, like a spiderweb. This
electric field is generated by electrons which accumulate on our skin like static electricity. When our
bodies move, this electric-field "aura® moves with it.

In the past, this aura was considered useless from a commercial point of view. It was Gershenfeld who
reasoned that if we have a sensor that can detect electric fields in the space around our bodies, they can be
used to locate our arms and fingers.

Asaresult, the "smart table" was born. Gershenfeld likes to give demonstrations of this new piece of
technology. He waves his hands over the computerized table like a symphony conductor. Nearby, a
computer screen shows a ghostlike hand moving inside a cube, giving the precise coordinates of his hand
in three dimensions. Gershenfeld calls this "electric-field sensing.”

The phenomenon can have immediate applications, asit is amore versatile and powerful way to
communicate with a computer than the two-dimensional mouse commonly found on PCs. It can also be
used to enhance virtual reality, so that people don't have to wear clumsy gloves to locate the position of
their hands. (Theillusion of virtual reality is enhanced, in fact, without having to be wired up like a
Christmas tree. Cyber shoppers of the future may be able to wave their fingers to navigate through virtual
shopping malls on their computer screens.)

Gershenfeld's strategy by which he approaches computers of the next century isto ask himself, "Where
can | find empty space that is not being used and how can | animate it?' One location, which has been
overlooked for years, is the shoes we wear, which have valuable, unused workspace Just waiting to be
made intelligent.

In the future, our shoes may replace the computer batteries we are likely to need. Carrying bulky batteries
around whenever we need to energize the computer in our tie clasp would be a nuisance. But the human
body, Gershenfeld points out, generates about 80 watts of usable energy by its motions; about 1 watt of
that can easily be drawn from the movements of the shoe alone.

Gershenfeld has found another use for our shoe. It may be possible in the future to put an electrodein
one's shoe which will be able to transmit biographical datato others. Rather than exchange business
cards, all one would have to do is shake a person's hands. Because skin is salty and conducts electricity, a
résumé can travel electrically from shoe to hands

< previous page page 34 next page >



< previous page page 35 next page >
Page 35

and then to one's acquaintance's hand and shoe. This may ultimately prove to be a convenient way to
exchange large computer files with someone on the street.

One motto of the Things That Think lab, not surprisingly, is:
In the past, shoes could stink.
In the present, shoes can blink.

In the future, shoes will think.

Wearable Computers

Another essential element of the Things That Think concept is the glasses many of uswear. The MIT
Media Lab has already perfected a way to include a miniature computer screen over one's glasses. They
do this by placing over the glasses a strange eyepiece resembling a jeweler's lens which contains a
complete PC screen, illuminated by tiny LEDs (light emitting diodes). Peering into this tiny screen, barely
half an inch wide, one can clearly see bright symbols appearing on a full-sized PC screen.

On nice days in Cambridge, one can sometimes see MIT students from the Media Lab dressed up like
cyborgs, complete with helmets, goggles, special eyepieces, and atangle of electrodesin their clothes.
They carry asimplified keyboard which alows them to input data into their computer screens, which are
located in their eyepieces.

These crude beginnings that make up part of the Wearable Computers project of the Media Lab will
ultimately make any individual awalking node of the World Wide Web. Steve Mann of the Media Lab
has connected the video images on his eyepiece to the Internet, so others too can instantly view exactly
what he is seeing, even thousands of miles away. In the future, people in distant locations might be able to
instantly share what we see through our glasses in this manner.

Wearable computers in many respects represent a merger of cellular phones with the laptop computer.
Rocketing sales of laptops, which now account for almost a quarter of all PC sales, prove that mobile
computers are no longer a niche market, but are an essential part of the computer landscape. As the costs
continue to plunge, many of these users would likely leap at the opportunity to replace their cellular
phones and laptops with an invisible smart device with the power of a supercomputer.

This could prove to be immensely liberating for people who ride in cabs, shop at the mall, or travel by
airplane. Some of those who may require wearable computers are doctors who need access to emergency
medical records, police who need access to files, reporters who need data to file reports, stockbrokers
who need twenty-four-hour stock quotes, and so on.
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Someday, wearable computers may also save lives. If you have a heart attack somewhere far from a
hospital or phone, your wearable computer, by silently monitoring your heartbeat, will be able to
recognize unusual patterns consistent with a heart attack and aert the EMS. After a car accident, a
wearable computer could automatically call for an ambulance. By hooking up to the GPS satellite, which
I'll discuss later, it will also be able to transmit your exact location. At present, tens of thousands die
needlessly because there is no one around to alert the EMS when a heart attack or car accident occurs.

The Smart Room

One long-range goal of the MediaLab isto be able to design machines that can identify and imitate the
full range of ways people interact with each other. People don't use language alone; we employ arich,
complex body language to communicate with others consisting of a surprisingly wide variety of signals,
including eye contact, facial gestures and grimaces, arm motions, voice intonations, and posture. One step
in this direction isto design a"smart room" which can recognize not only people but also their signals
and emotions.

The Media Lab's prototype smart room of the futureis avery ordinary den with small cameras placed in
the celling and a giant wall-sized screen on the floor.

"Imagine a house that always knows where your kids are and tellsyou if they are getting into trouble. Or
an office that sees when you are having an important meeting and shields you from interruptions. Or a car
that senses when you are tired and warns you to pull over," writes Alex Pentland of the MIT Media L ab.

Today's computers cannot reliably recognize a person's face from different angles. Faces are among the
most difficult things to identify by computer. However, the Media Lab's computer takes a shortcut to this
difficult problem. It already has a series of key faces stored in its memory. If the computer scans a
stranger's face and matches it with aface already filed away in its memory, then it can correctly find a
match 99 percent of the timein a group of several hundred people.

Computers at the Media Lab can also identify a person's mood by means of the face. Emotions are etched
into our faces by the motions they induce in our facial features. By placing sensors on people's faces and
having them smile, laugh, smirk, or scowl, the sensors are able to detect how much our facial muscles
move. Scientists have found that emotions can be recognized by computers as a result of the well-defined
stretching motions they cause in the face. A smile, for example, leads to a broad
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stretching of our mouth muscles. Surprise leads to rising eyebrows. Anger leads to a contorting forehead.
Disgust creates motion throughout the entire face. Therefore when the computer focuses only on the parts
of the face that are in motion, it has been able in tests to correctly identify the emotional state of the
subject about 98 percent of the time.

Smart Cards, Digital Money, and Cyber Cash
Money is aready going digital.

As James Gleick of the New York Times commented, digital money "is money incarnated, finaly, as pure
information." For the big banks and international corporations, thisis already areality. Of the $4 trillion
circulating in the U.S. money supply, only one-tenth isin the form of actual cash and coins stored in bank
vaults and people's pockets. " People today do not put $5 hillion in atruck and drive it from one bank to
anotherthat'sirrational,” comments Kawika Daguio of the American Bankers Association. In the future,
even that one-tenth will disappear into electronic bits.

In the years ahead, as microchip costs plunge to mere pennies, there will be enormous economic pressure
for people to convert to smart cards and digital money. This is because maintaining a society based on
cash is very expensive. According to Carol H. Fancher, who is researching smart cards for Motorolg;
"Counting, moving, storing, and safeguarding cash costs about 4 percent of the value of all transactions.
The interest lost by holding cash instead of keeping money on deposit is also substantial.”

"Money isthe current liability of abank,” says Sholom Rosen of Citibank. "It's as simple as that. It's not
gold, it'snot silver." Cash sitting in abank is money that is not collecting interest or appreciating in value
and that has to be constantly guarded.

Europe has taken the lead in mass-producing primitive versions of smart cards which contain up to afew
kilobytes of memory. The value of these smart cards to consumers, who have used them mainly as
telephone cards, has already been demonstrated in France (which has over 20 million smart cards in use)
and the rest of Europe, where most of the 250 million smart cards in circulation have been issued.

Germany has begun to issue a smart card that carries basic health information to al its citizens. The 1996
Olympicsin Atlantafeatured the largest trial of smart cards in the United States, with over amillion
smart cards issued that were honored by restaurants, shops, and the subway system.

In the future, smart cards will replace ATM cards, telephone cards, train and transit passes, credit cards,
aswell as cards for parking meters,
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petty cash transactions, and vending machines. They will also store your medical history, insurance
records, passport information, and your entire family photo album. They will even connect to the Internet.

Smart Cars

Even the automobile industry, which has remained largely unchanged for the last seventy years, is about
to feel the effects of the computer revolution.

The automobile industry ranks as among the most lucrative and powerful industries of the twentieth
century. There are presently 500 million cars on earth, or one car for every ten people. Sales of the
automobile industry stand at about atrillion dollars, making it the world's biggest manufacturing industry.

The car, and the roads it travels on, will be revolutionized in the twenty-first century. The key to
tomorrow's "smart cars' will be sensors. "We'll see vehicles and roads that see and hear and feel and
smell and talk and act,” predicts Bill Spreitzer, technical director of General Motors Corporation'sI TS
program, which is designing the smart car and road of the future.

Approximately 40,000 people are killed each year in the United States in traffic accidents. The number of
people that are tragically killed or mangled in car accidentsis so vast that we don't even bother to mention
them in the newspapers anymore. Fully half of these fatalities come from drunk drivers, and many others
from carelessness. A smart car could eliminate most of these car accidents. It can senseif adriver is
drunk via electronic sensors that can pick up alcohol vapor in the air, and refuse to start up the engine.
The car could also aert the police and provide its precise location if it is stolen.

Smart cars have already been built which can monitor one's driving, and the driving conditions nearby.
Small radars hidden in the bumpers can scan for nearby cars. Should you make a serious driving mistake
(e.g., change lanes when there is a car in your "blind spot”) the computer would sound an immediate
warning.

At the MIT Media Lab, a prototype is already being built which will determine how sleepy you are as you
drive, which is especially important for long-distance truck drivers. The monotonous, almost hypnotic
process of staring at the center divider for long hoursis a grossly underestimated, life-threatening hazard.
To eiminate this, atiny camera hidden in the dashboard can be trained on a driver's face and eyes. If the
driver's eyelids close for a certain length of time and his or her driving becomes erratic, a computer in the
dashboard could aert the driver.
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Two of the most frustrating things about driving a car are getting lost and getting stuck in traffic. While
the computer revolution is unlikely to cure these problems, it will have a positive impact. Sensorsin your
car tuned to radio signals from orbiting satellites can locate your car precisely at any moment and warn of
traffic jams. We aready have twenty-four Navstar satellites orbiting the earth, making up what is called
the Global Positioning System. They make it possible to determine your location on the earth to within
about a hundred feet. At any given time, there are several GPS satellites orbiting overhead at a distance of
about 11,000 miles. Each satellite contains four "atomic clocks,” which vibrate at a precise frequency,
according to the laws of the quantum theory.

As a satellite passes overhead, it sends out aradio signal that can be detected by areceiver in acar's
computer. The car's computer can calculate how far the satellite is by measuring how long it took for the
signal to arrive. Since the speed of light iswell known, any delay in receiving the satellite's signal can be
converted into a distance.

In Japan there are already over amillion cars with some type of navigational capability. (Some of them
locate a car's position, by correlating the rotations in the steering wheel to its position on a map.)

With the price of microchips dropping so drastically, future applications of GPS into the next century are
virtualy limitless. "The commercial industry is poised to explode,” says Randy Hoffman of Magellan
Systems Corp., which manufactures navigational systems. Blind individuals could use GPS sensorsin
walking sticks, airplanes could land by remote control, hikerswill be able to locate their position in the
woods the list of potential usesis endless.

GPS isactually but part of alarger movement, called "telematics,” which will eventually attempt to put
smart cars on smart highways. Prototypes of such highways already exist in Europe, and experiments are
being made in Californiato mount computer chips, sensors, and radio transmitters on highways to alert
cars to traffic jams and obstructions.

On an eight-mile stretch of Interstate 15 ten miles north of San Diego, traffic engineers are installing an
MIT-designed system which will introduce the "automated driver." The plan calls for computers, aided by
thousands of three-inch magnetic spikes buried in the highway, to take complete control of the driving of
cars on heavily trafficked roads. Carswill be bunched into platoons of ten to twelve vehicles, only six feet
apart, traveling in unison, and controlled by computer. By December 2001, engineers hope to have afull
prototype system running.

Promoters of this computerized highway have great hopes for its future. By 2010, telematics may well be
incorporated into one of the magjor highways in the United States. If successful, by 2020, as the price of
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microchips drops to below a penny a piece, telematics could be adopted in thousands of miles of
highways in the United States. This could prove to be an environmental boon as well, saving fuel,
reducing traffic jams, decreasing air pollution, and serving as an alternative to highway expansion.

Virtual Reality and Cyber Science

Another technology that will become an integral part of the world of 2020 is virtual reality. Ubiquitous
computing is, in some sense, the opposite of virtual reality, which seeks to re-create imaginary worlds
that don't exist, rather than accentuate and magnify the world that does. Virtual reality triesto create a
world inside the memory of the computer, using goggles and joysticks to simulate moving through space
and time. But ubiquitous computing and virtual reality complement each other. While the invisible
computer will infinitely enhance the world that does exist, putting intelligence into the inanimate objects
which surround us, virtual reality, by contrast, puts us inside the computer.

Although virtual redlity is still quite crude today, its technical flaws will be eliminated with time. The
primitive joystick will be replaced by body suits and electric-field sensors, which will sense the location
of every part of our body in three dimensions. The goggles will be replaced by lightweight LCD screens.
Clumsy cables will be replaced by radio receivers hooked directly to the Internet.

Virtual reality isapowerful scientific tool aswell asatraining aid and a source of entertainment. It is
creating a new type of science, called "cyber science,”" which gives us the ability to ssmulate complex
physical systems (like black holes, exploding stars, the weather, and the surface of hypersonic jets).

For severa centuries, science has advanced in two ways: experimentally and theoretically. Some
scientists conducted experiments on the external world, while others tried to write down the mathematics
and theory that explained the data that was collected. But, increasingly, a new, third form of scienceis
appearing, based on computer simulationsin virtual reality, opening up new areas of science.

Since Newton, nature has been described by "differential equations’ which describe the tiny differences
that occur in the shape or property of an object asit evolvesin time. Differential equations have been able
to provide surprisingly realistic descriptions of physical phenomena, from thunderstorms to rockets to
subatomic particles. Computers are ideally suited to model differential equations because computers can
calculate how an object changes every microsecond or nanosecond in time, giving us a sequence of
snapshots which realistically predict its behavior.
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Computer simulations are becoming so accurate that entire fields are already crucially dependent on
them, which in turn will likely influence the development of multibillion-dollar commercial technologies.
In many areas, computers are the only way in which to solve such differential equations. Here are but a
few of the things that we can best study through cyber science:

Exotic objects in space. We depend upon computers to analyze supernovas, neutron stars, and black
holes. "Computer simulation is our only hope of turning astronomy into an experimental science," says
Bruce Fryxell of NASA.

Protein folding. When a protein cannot be crystallized, one cannot use X-ray crystallography to determine
its structure. Scientists are forced to use the quantum theory and electrostatics to find the structure of a
protein. The complex equations which determine the structure of these proteins can only be solved by
using computers. Computers may be the only way to calculate the structure and hence the properties of a
large class of proteins.

Aerodynamics. The airflow around everything from cars to hypersonic jets traveling at many times the
speed of sound can now be simulated by using computers. This may be the key to cheap hypersonic
flightsin the future.

The greenhouse effect. At present, computers are the only way we have to determine if the buildup of
carbon dioxide in the atmosphere (produced by the burning of fossil fuels) may cause temperaturesto rise
and set off global warming. If global warming becomes areality early in the next century and the weather
is disrupted, the economy of the entire planet could be adversely affected.

Materials testing. Testing stresses and strains on industrial materials can best be calculated by computer,
saving millions of dollarsin unnecessary testing.

Doomed by the Point One Limit?

We have seen how the relentless march of Moore'slaw makes it possible to predict with reasonable
accuracy when fascinating new computing devices will be within reach. Microprocessors, lasers, and
sensors will be the tools which make the third phase of computing areality. Moore's law should take us
smoothly to about 2020, when the quantum theory forces scientists to adopt entirely new computer
architectures.

But creating chips with light beams smaller than .1 micron islooming as a major roadblock. Thisis

sometimes called the "point one" barrier (it is roughly the width of a DNA coil). Some computer
specialists compare
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the difficulty of breaking the point one barrier to breaking the sound barrier. Below the point one barrier,
chips can no longer be etched with ultraviolet light; scientists must resort to X-rays or electrons, which
are much more difficult to control. Moreover, the ghostly, wavelike properties of electrons and atoms
come into play at this scale, requiring scientists to abandon Newtonian physics altogether in creating
smaller chips. Because of this, by 2020, we expect the point one barrier to end the gilded Age of Silicon.

Some of the futurists at the MIT Media Laboratory like to summarize the transition to an information
economy as the difference between "atoms' and "bits." (The bit is the smallest unit of information, such
as0or 1) Sinceit isdifficult and expensive to move atoms around, they claim that the future will be
ruled by bits, which are effortlessly carried as digital signals along wires or cables at nearly the speed of
light. The age of atoms will thus give way to cyberspace and the information age, they claim.

But thisis only partially true. Ultimately, Moore's law, the driving force behind the information age, will
yield to aforce even more powerful than electricity, and that is the quantum theory. Ultimately, "atoms"
will have their revenge over "bits." It was the quantum theory that first made the transistor possible, and
the quantum theory ultimately will dictate when these technologies will fail. By 2020, the revolution
begun by the microprocessor may be over and physicists will have to devise the next generation of
computers.

But because Moore's law will continue unabated for the next twentyfive years or so as more and more
transistors are jammed onto a silicon wafer, it is still possible to predict roughly when the marvel ous
inventions profiled in this and the next chapter will hit the market from now to approximately the year
2020.

Furthermore, by 2020, the Internet will likely create an entire universe in cyberspace, with electronic
commerce, e-money, virtual on-line libraries and universities, cyber medicine, and so on. But what is
even more fascinating is the world beyond 2020, when computers will become so powerful and
widespread that the surface of the earth becomes a”living" membrane, endowed with a planetary
"intelligence,” creating the fabled Magic Mirror featured so oftenin fairy tales.

In the next chapter, | will investigate this fourth phase of computing, as we approach the "intelligent
planet.”
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3
The Intelligent Planet

"The Internet is like a twenty-foot tidal wave coming thousands of miles across the Pacific, and we
are in kayaks. It's been coming across the Pacific for thousands of miles and gaining momentum, and
it'sgoing to lift you and drop you.. . . It affects everybodythe computer industry, telecommunications,
the media, chip makers, and the software world. Some are more aware of this than others."
ANDREW GROVE, CEO of Intel

"Mirror, mirror, on thewall, who is the fairest of them all?"
EVIL QUEEN in Snow White

In 1851, American Novelist Nathaniel Hawthorne wrote prophetically in The House of Seven Gables:

Isitafact. .. that by means of electricity, the world of matter has become a great nerve,
vibrating thousands of milesin a breathless point of time. Rather, the rough globe is a vast
head, a brain, instinct with intelligence!

Hawthorne, surveying the near-miraculous advances made in his lifetime in connecting the great cities of
the world via the telegraph, marveled that this mysterious substance called electricity could transmit
signals across thousands of miles and make inert machines spring suddenly to life. He went beyond this to
envision awondrous day when electricity would endow the planet itself with a cosmic intelligence. Over
acentury
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later, this passage from Hawthorne would inspire Marshall McLuhan to coin the phrase "global village.”
And in the twenty-first century the telecommunications revolution, ignited by the microprocessor and the
laser, will finally make Hawthorne's vision come to pass.

In the third phase of computing, invisible computers will converse with each other, eventually creating a
vibrant electronic membrane girding the earth's surface. We can already catch fleeting glimpses of this
powerful vision within the present Internet, which, like a dirt road waiting to be paved over into an
information superhighway, is rapidly wiring up the computers of the world.

From now to 2020, computer scientists expect to see an entire world blossoming over the Internet:
electronic commerce and banking, cyber malls, virtual universities and schools, cyber libraries, and so on.
We will begin to have a glimpse of Hawthorne's vision when "intelligent agents' become part of this
global network, capable of answering our inquiriesin plain, conversational language. But the true fruition
of Hawthorne's vision may not come until the period from 2020 to 2050, when true artificial intelligent
(Al programs will finally be added to the Net, capable of reason, common sense, and speech recognition.
Some call thisthe "fourth phase" of computing, when we will be able to communicate with the Internet as
if it were an intelligent being. Eventually, accessing the Internet may resemble talking to the Magic
Mirror of children'sfairy tales. Instead of typing arcane codes and symbols into a Web navigator and
being flooded with fifty thousand incorrect answers, in the future we will simply talk to our wall screen or
tie clasp and access the entire planet's formidable body of knowledge. This Magic Mirror, endowed with
an intelligent system complete with common sense and reason, and, very possibly, a human face and a
distinct personality, may act as an adviser, confidant, aide, secretary, and gofer all at the sametime.

One computer analyst commented that the future could resemble a Disney movie, as inanimate objects
come alive and talk to each other and to us, like the talking tea kettle, Mrs. Potts, in Beauty and the Beast.

Why No Policeman on the Block?

To anyone who has ever cursed at a computer screen, railing at the utter chaos of the Internet, the idea
that one day we will have an illuminating and revealing conversation with aMagic Mirror seems aremote
reality. The promise of Hawthorne's "intelligent planet” isafar cry from the stark reality of today's
Internet.

Any neophyte surfing the Net for the first time will be frustrated by the fact that it has no intelligence
whatsoever; like a newborn baby, itisa
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blank slate. Worse, there are no rules or traffic cops, no regulations or even a directory of the Internet.
Some computer enthusiasts are ecstatic over this, claiming that thisis democracy at its purest and finest.
Othersflail futilely and stomp away in disgust.

Already, young computer nerds who have attempted to fill this curious vacuum by writing simple
directories for the Internet have amassed fabul ous fortunes overnight when their companies went public.
Netscape's co-founder Jim Clark's fortune ballooned to an astonishing half billion dollars the day the
company went public. (Clark reached billionaire status only eighteen months after starting his company;
it took Bill Gates, co-founder of Microsoft, twelve years.) Asthe New York Daily News reported
breathlessly: "Netscape's | PO was the most successful since God took earth public.”

Why has the Internet, the first stage of the "intelligent planet,” been born in this peculiar way, seemingly
without any intelligence at all?

Many of the electronic marvels of today, including video conferencing, virtual reality, global positioning
satellites, and the Internet, were largely developed in total secrecy by Pentagon scientists and kept hidden
from the public. Some computer analysts feel this obsession with Cold War secrecy delayed the computer
revolution for years and is responsible for the peculiar evolution of these technologies, leaving curious
gaps which only now are being filled by software writers.

Only in the last decade, with the ending of the Cold War, have these technologies finally been fully
released to the public domain. Free of military classification for the first time, they have now taken off,
capturing the public fancy, generating new billion-dollar industries in the process, and paving the way to
the twenty-first century.

Perhaps the lesson here is that science and technology advance and thrive in an open atmosphere, when
scientists and engineers can freely interact with each other.

How the Internet and Other Technologies Came About

In January 1977, a strange, madcap incident took place in the White House which helpsto explain the
dark atmosphere in which the Internet was born. The incident would be hilariousiif it wasn't so serious.

Asin ascene from Dr. Strangelove, President Jmmy Carter's National Security Adviser, Zbigniew
Brzezinski, was being briefed by ajunior officer about the elaborate plans to protect the nation's
leadership in case of afull-scale nuclear war. The young officer explained at length that helicopters
would land at the White House lawn, the Capitol, and the Penta-
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gon to whisk the President and his advisersto carefully concealed sites, including secret bomb shelters
near Culpeper, Virginia.

Asthe officer droned on, Brzezinski suddenly cut him short, and demanded a full-scale evacuation
immediately.

"Right now?" the staff person asked incredulously.
"Yes, right now!!" Brzezinki barked back.

"The poor fellow's eyes. . . practically popped; he looked so surprised. . . he reached for the phone and
could hardly speak coherently when he demanded that the helicopter immediately come for adrill," said
Brzezinski.

Many agonizing hours later, after a series of embarrassing gaffes and mortifying blunders worthy of the
Three Stooges, the helicopter carrying Brzezinski finally limped back to Washington for the return trip.

But the fiasco continued. The White House security guards, panicking when they saw an unauthorized
and potentially hostile helicopter approaching the White House, immediately ordered an alert. They
scrambled into position with automatic rifles, prepared to shoot down Brzezinski's helicopter.

This dismal failure was a sobering reality check for the Pentagon, pointing out the gross deficienciesin its
grandiose plansto "win" anuclear war.

To meet this challenge, the Pentagon's Advanced Research Projects Agency (ARPA) proposed severd
ingenious computer technologies and modified ones that already existed:

Teleconferencing. The Pentagon wanted to ensure that the leadership of the United States would survive
to command our nuclear forces as the war progressed. While the rest of the planet was pounded into
radioactive rubble, our leaders would command our nuclear fleet in the safety and comfort of high-flying
jets and huge, air-conditioned underground vaults. Five top officials (including the President, the Vice
President, the Chairman of the Joint Chiefs of Staff) would be dispersed to five different locations, from
flying overhead in Air Force One to hiding out in hollow mountaintops or at SAC headquartersin
Cheyenne, Wyoming. They would be patched into one another through TV monitors and computers. This
plan marked the birth of teleconferencing.

Virtual reality. The Pentagon wanted to ensure that their pilots would be able to fly their jets and bombers
in the most unpredictable, hostile environments, including the presence of huge winds whipped up by
nuclear fireballs. To accomplish this, the Pentagon devel oped flight smulators, in what was the birth of
virtual reality. The pilots would sit
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in chairs with goggles placed over their eyes and use joysticks to control the ssmulated computer
image in their headset. Through their goggles, they could see an imaginary, computer-generated
environment that simulated the conditions of warfare.

Tanks and submarines were easily simulated, since looking through goggles wasn't very much
different from looking through a pair of binoculars or a periscope. Since the first head-mounted
display was built for the Pentagon in 1968, primitive versions of virtual reality have since
proliferated to video arcades around the country.

GPS satellites. The Pentagon wanted to make sure that its missiles were accurate. As aresult, they
launched a series of satellites around the world to guide the flight paths of these missilesin what became
the Global Positioning System (GPS). It was so accurate that an ICBM launched from the United States
could strike within 300 feet of atarget several thousand miles away.

Because of this, the United States could destroy enemy missilesin their silos, submarinesin their
pens, and bombers on their airfields. The Pentagon realized it could also be used as afirst strike
weapon, to disarm the enemy before an opposing force had a chance to strike back.

These GPS satellites, once the backbone of a budding first strike capability, are now being used to
guide passenger cars from Detroit.

E-mail. The Pentagon knew its technicians and scientists had to be able to communicate during and after
anuclear war. To facilitate this, a computer network would be necessary to rebuild the shattered cities
and economy after the nuclear war was "won." Surviving scientists could plug into atelephone line to
communicate with other scientistsin order to begin the process of rebuilding modern civilization.
Because most cities would no longer exist, messages would have to be broken up into pieces, scattered
throughout the system, moved around cities that no longer existed, and then reassembled at the
destination. ARPA combined these ideas with an existing system to create what is now called e-mail.

There was also a sense of urgency. The Pentagon was worried that the shattered remains of the
Soviet Union might be rebuilt before the United States. Following a nuclear war, there would be a
race to see who could rebuild their country first. In a scenario of two dazed boxers lying flat on their
backs, slowly regaining consciousness, the winner of World War 111 would be that country which
could stand on its feet first (and so go on to win World War 1V). Therefore, the Pentagon's priority
was to provide scientists with away to rebuild the country as fast as possible, unimpeded by
unnecessary restrictions.

It was clear that this meant the network would have to exist without
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a"policeman.” Bureaucratic rules, censorship, and governmental meddling would only retard the
rebuilding of Americain the race with the Soviet Union (to fight World War IV!). It was partly for
this reason that the Internet was built without censors, rules, and regulations.

ARPANET, which was conceived to link up the scientists and universities of the country, was
modified to serve in thisrole. Eventually ARPANET became the Internet.

The Mother of All Nets

In 1844, when Samuel Morse telegraphed the immortal words "What hath God wrought?' from
Washington to Baltimore, he helped to usher in the age of electronic communication. On November 21,
1961, there were no prophets or sages invoking the wisdom of the information age when a half dozen
scientists gathered at Boelter Hall, home of the computer science department at UCLA, to connect their
computer with the computer at the Stanford Research Institute near Palo Alto.

"There wasn't a photographer present, and it didn't even occur to us that we should have one," recalled
Steve Crocker, who was a graduate student at that time. No one, in fact, even remembers what was said in
the first historic message linking two distant computers.

ARPANET initialy connected only four sites (UCLA, the University of Californiaat Santa Barbara, the
Stanford Research Institute, and the University of Utah). ARPANET grew slowly, hindered at every turn
because of the hush-hush nature of the project, and because computers back then were mostly
incompatible. By 1971, there were only two dozen sites. By 1974, the ARPANET had grown to 62. By
1981, the number exceeded 200. Only in the mid-1980s did ARPANET finally reach critical mass among
universities and scientific laboratories.

When the ARPANET finally took off, it was so successful that it was formally discontinued in 1990,
having completed its original mission. With the ending of the Cold War, the baton was passed from the
military to the National Science Foundation. ARPANET, once the private province of physicists and
computer scientists, finally exploded into the public domain as people got wind of this marvelous
technology.

By 1994, more than 45,000 smaller networks had joined the Internet. That year, physicists finally brought
some order to the unruly, wild and woolly Internet. With the Cold War over, there was no longer any
incentive to keep the Internet as unregulated as possible. Tim Berners-Lee, a mathematician working at
CERN, the sprawling European physics research center in Geneva, Switzerland, created the World Wide
Web in 1991, which made multimedia accessible on the Internet. Like
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ARPANET, which could hook up physicists and technicians together during and after a nuclear war, the
Web was originally designed to hook up particle physicists to keep track of their complex experiments
and mountains of data pouring in from huge atom smashers.

Today, the Internet is growing at the phenomenal rate of 20 percent per quarter, almost doubling every
year since 1988. At thisrate, it is actually exceeding the growth rate of computers according to Moore's
law. It istruly the "mother of all networks," with 10 million servers detectable on the Internet today. If we
count those who dial up these servers from their home or work PC, the total number of Internet usersin
the world is roughly 40 million.

Vinton Cerf, one of the pioneers of the Internet, predictsthat if the current rate of growth continues, by
the year 2000, 160 million people will be on the Internet. Nicholas Negroponte of MIT estimates
optimistically that perhaps up to a billion people could be surfing the Net by that date. Certainly the
potential isthere; in 1995, 65 million computers were shipped out of factories; by 1996, one-third of all U.
S. households had computers, and about 10 to 15 percent of households are wired to the Net.

How big will the Internet become? Cerf says, "I'm not at al shy about predicting that by 2005 the Internet
will be as big as the telephone system istoday." (There are 600 million telephone linesinstalled
worldwide.)

Because the landmark Federal Communications Commission ruling in 1996 will eventually pave the way
for the merger of television with the Internet, and since 99 percent of all U.S. homes have TV's (more than
have telephones, flush toilets, or computers), we may actually have 99 percent of the population wired to
the Internet early in the next century.

The information stored on the Internet is also increasing at breakneck speed. In 1996, one could access
about 70 million pages on the Internet. It is believed that by 2020 the Internet will access the sum total of
the human experience on this planet, the collective knowledge and wisdom of the past 5,000 years of
recorded history.

The Historical Significance of the Internet

Visionaries, however, see the Internet as only the beginning; it's just a dusty dirt road that will pave the
way for the true information highway of the twenty-first century. The "graphic jams" found on the
Internet, which lead to many frustrating delays, will gradually be removed. (In 1996, for example, the
switching station in San Jose was amost overwhelmed when Internet traffic reached 95 megabits per
second, which was near the system's capacity of 100 megabits per second.)
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Vice President Al Gore believes the Internet will be replaced by the National Research and Education
Network (NREN), which will be a hundred times faster than the Internet and may cost $390 hillion in
federal funds over five years.

In many ways, the impact of the Internet can be compared to that of Gutenberg's movable type in the
1450s, when it became possible for large numbers of books to reach a mass audience in Europe. (China
and Korea already had a version of movable type.) Before Gutenberg, there were only 30,000 or so books
in all of Europe. Literacy and books were aluxury (and tool) of atiny educated elite, which jealously
guarded this precious resource.

By 1500, Europe was flooded with more than 9 million books, stimulating the intellectual ferment which
paved the way for the Renaissance.

But the detractors of the Internet claim that it's a passing fad that will slowly fade away, as people get
tired of being "flamed" and wading nose-deep in a pile of cyber junk.

They remind us of the fate of the Picturephone, the sensation of the 1964 New Y ork World's Fair.
Millions of visitorsto the Fair were told that the ordinary telephone would soon be relegated to musty
museums as people scrambled to buy Picturephones for their homes. AT& T spent a staggering $500
million in the 1960s to perfect this deviceyet it sold only several hundred (which works out to about a
million dollars per phone!). This was one of the great telecommunications blunders of all time.

Why did it fail? There were technical problems (phone lines and computers were not powerful enough to
carry high-quality video images). But there were personal problems as well. Most people wanted to ook
at the person they were talking to, but not be looked at. One wag said, "After all, do you really want to
comb your hair each time you use the phone?' Ultimately, we are reminded, the final arbiter of high tech
is the consumer.

Perhaps the most consistent critic of the Internet is computer expert Clifford Stoll, author of the
antimanifesto Slicon Shake Qil. Stoll pooh-poohs the claims that the Internet will one day swallow up all
forms of human interaction. "Few aspects of daily life require computers, digital networks, or massive
connectivity,” says Stoll. "They're irrelevant to cooking, driving, visiting, negotiating, eating, hiking,
dancing, speaking, and gossiping. You don't need a keyboard to bake bread, play touch football, piece a
quilt, build astone wall, recite a poem, or say a prayer.”

He cites other products that became fads but later fizzled, such as CB radios, which in the 1970s grew in
popularity until at their peak about 25
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million people were using them. But by 1980 the novelty had worn off, and the CB radio market
collapsed.

But here lies the difference. CB radios appealed only to people driving on a particular road trying to avoid
apatrol car. Its range (afew miles) and audience (a handful of people on the highway in front of or
behind you) were limited and as aresult never attained critical mass. It never fulfilled the Law of
Increasing Returns (which says that, after a certain level, the more people who use a certain technology,
the more people will want to use that technology, thereby creating critical mass). On the Internet,
however, the range is the planet itself, its subject matter is the sum total of human knowledge, and its
audience is anyone with a computer and a modem, an audience which will number in the hundreds of
millions to even billions before long. And when computers become invisible, we will be able to bake
bread, hike, and drive while conversing with the Magic Mirror.

To 2020: How the Internet Will Shape Our Lives

Larry Teder, chief scientist at Apple Computer, and part of the original Xerox PARC team that perfected
ALTO and the graphics-based system that eventually became the Macintosh and Windows, is one of the
visionaries who left Xerox PARC and is now focusing his efforts to predict the impact that the Internet
will have on our lives. He concurs with many of the criticisms of the Internet: yes, there is too much trash
on the Internet; yes, there is too much hype. But the good far outweighs the bad. The bottom line, he says,
isthat the Internet is here to stay.

Of course, he agrees that the explosive growth of the Internet will ultimately level off, as Clifford Stoll
suggests, and the Internet craze will subside as people get bored being flamed, but by then it will have
become an indispensable part of modern civilization, essential for business, commerce, science, the arts,
and entertainment. Tesler rattles off the many ways in which the Internet will change and enrich our lives
for the better, from being able to work at home to bringing together specialized hobbyists around the
world, to enjoying the "cyber marketplace” that will change the way we shop.

On-line travel agencies will be able to offer complete selections of thousands of travel packages over the
Internet. "It's a match made in Maui," crows the Wall Street Journal. On-line brokerage firms, which
currently account for only 1 percent of the stocks currently bought and sold, will skyrocket because they
charge as little as one-tenth the usual fees and can provide instantaneous financial analysis. "L ook out,
Merrill Lynch,” warns the Wall Street Journal. On-line bookstores will be able to
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offer millions of titles of books, the equivalent of several libraries. As much as 15 percent of the $400
billion grocery business will be done electronically by the year 2000, claims Mohsen Maozami of Kurt
Salmon Assoc., aretail consulting firm. The future of banking might be seen in the Security First
Network Bank of Pineville, Kentucky, which already conducts all of its business on the Internet.

"Slowly but surely, real commerceis going on-line," saysthe Wall Street Journal, because "the dlureis
overwhelming. No store ever closes on the Internet, and no location is isolated from the rest of the planet.
Merchants that hang out an electronic shingle in cyberspace don't have to worry about shelf space and can
target their marketing to interested customers at a fraction of the cost. And the sheer size of some on-line
storesisfar beyond anything that can be done with brick and mortar."”

The Internet can also offer customers "mass customization.” In the future, you will be able to pick out the
precise style or pattern you want and have it sent via the Internet to the factory, which will then
manufacture the product custom-made. Already, Technology/Clothing Technology Corp. isbuilding a
$8.5 million scanner which will provide three-dimensional full-body scans within two seconds. The
customer first puts on a skintight body suit, and a scanner uses six projectors and six video cameras to
photograph a series of horizontal lines cast on the body suit. The computer then cal cul ates the precise
three-dimensional coordinates of every curve in your body. When you select the type of garment you
want, the computer sends your coordinates to the factory, which then feeds this information directly into a
cutting device.

Bottlenecks on the Internet

Such avision of the Internet istruly breathtaking. But it is aso one that is filled with potholes, ruts, and
detours. In order to fulfill the promise of the information highway, several problems have to be solved
and severa milestones have to be reached between now and 2020: (1) resolving bandwidth bottlenecks;
(2) designing better interfaces; (3) creating personalized agents and filters.

Microsoft CEO Bill Gates identifies "bandwidth bottlenecks' as the most immediate obstacle to this
dream. Bandwidth is roughly the amount of information (or bits) that can be transmitted per second. The
gold standard for bandwidths is 4 gigabytes, the amount of information contained in afeature-length
movie video. Many consider the transmission of movies-on-demand to be the "killerapp™ (killer
application) which will energize the market for the Internet, in the same way that movies were
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the killerapp for the VCR market, or spreadsheets became the killerapp for the PC in business.

The question that generates feverish speculation on Wall Street is. which medium can best send 4
gigabytes of information into individual homes in the shortest amount of time?

Virtually everyone who has surfed the Net feels like pulling his or her hair while waiting for picturesto
show up on the screen. Even with afast 28.8 kilobit modem, for example, it can take from fifteen to thirty
seconds for a single picture to appear. (With an ISDN link, with atransmission rate of up to 144 kilobaud,
the time can be reduced to a second or so0.) To see full-length videos on the screen, you have to be able to
project about 30 frames per second, many orders of magnitude faster than the fastest modem. Moreover,
an analog signal moves through the phone lines, the primary Internet link at present, at about 64,000 bits
per second. At that snail's pace, it would take over a hundred hours to transmit The Slence of the Lambs.

Because of this, it was once thought that videos could never be transmitted over copper wires by the
telephone companies. However, if the video signal is digitalized, then it is possible to compress the digital
signal so that it can be transmitted over copper wires. Compression loses a small part of the information,
but gains many times over in increasing the speed of transmission.

Some attractive alternatives to the phone lines that are being explored are satellites as well as cable. Each
has its strengths and weaknesses. Transmitting from outer space, satellites have the advantage that
companies need not spend billions of dollars laying millions of miles of wires. The drawback is that one
has to launch hundreds of communication satellites to cover al parts of the earth at any given time.
Similarly, cable wires are convenient because they already broadcast videos into households around the
country at high speeds. Cable companies are beginning to offer fast Internet access along with their usual
cable service. Cable has some problems too, however. Cable wires, for example, need costly "boosters' to
amplify the signal over long distances.

If the dirt road of the Internet is made up of copper wires, then the paved information highway will
probably be made of laser fiber optics. Lasers are the perfect quantum device, an instrument which
creates beams of coherent light (light beams which vibrate in exact synchronization with each other). This
exotic form of light, which does not occur naturally in the universe, is made possible by manipulating the
el ectrons making quantum jumps between orbits within an atom.

Light beams traveling inside thin transparent glass fibers are trapped inside, even if the fiber is wrapped
in circles. The beam simply bounces
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off theinterior walls of the fiber, an effect called total internal reflection. (Thisis the same effect used to
create spectacular water fountain light shows in Italy and elsewhere. If powerful lamps are placed at the
base of the fountain, the light shooting skyward is captured by the streams of water, giving theillusion
that the water is on fire.)

The laser will become the main medium for the Internet because 10 to 100 times more information can be
carried on laser beams than on copper wires. The frequency of red laser light from a common helium-
neon gas laser, for example, ison the order of 100 trillion cycles per second. The faster the vibrations, the
more information you can pack into the signal.

Moreover, in terms of congestion, thereis acrucia difference between ordinary highways and the
Internet. The more highways that are built, the more space they take up, until they begin to cause
congestion and eat up valuable land. That's caused a backlash against some highways. The Internet,
however, as Tedler points out, islimitless. You can always string more optical fibers, increase the speed
of switches, expand the bandwidth via new lasers. Nor is there any limit to what kinds of information can
be transferred on the Internet. In fact, the only physical limits to the growth of optical fibers appears to be
the bottlenecks at the endsi.e., the switches and cables at the receiving end.

Fiber cables have now been manufactured which can carry a staggering 100 billion bits of information per
second, which is equivalent to sending the Encyclopaedia Britannica over aglass fiber in afraction of a
second. This appears to be the upper limit attainable with present-day technology, but it is probably more
than sufficient to handle the exploding volume of traffic on the Internet. This speed is so grest, in fact,
that standard electronic switches are too slow to handle thisinflux of information. Eventually, the
switches and components will also have to be made out of lasers and other optical devices.

Already, thousands of miles of copper wires are being replaced by thin flexible glass fibersas thin as an
eyelashwhich can carry up to millions of messages. The $6 billion fiber optic cable industry is growing at
an astonishing rate of 20 percent per year. Annual installation of fiber optic cable has doubled since 1993,
to an estimated 16.25 million milesin 1996 alone. Unlike the microprocessor, which will likely begin to
be phased out by the year 2020, the power of the laser seems boundless, limited only by the crude
technology at either end.

The second problem that the intelligent planet faces is interface bottlenecksi.e., screens and voice inputs.
In order to have agenuine Magic Mirror, one has to have digital TVwall screens with very fine
resolutionand an intelligent agent behind the screen capable of understanding English and common sense.
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The Merger of TV and the Internet

One bottleneck to the Internet of the future has been the incessant and fierce infighting between the
computer and TV industries over who will dominate the future of electronic media. Since 99 percent of
American homes have one or more TV's, many feel the commercial direction of the Internet eventually
lieswith amerger with TV.

After a decade of bickering, along-awaited agreement was reached in late 1996 which will set the course
of electronic communications well into the next century. Already, the agreement is being heralded as the
most important of the last few decades. Gary Shapiro, head of the Consumer Electronics Manufacturers
Association, describes what will result from it thisway: "People like to say this transition is going to be
like moving from black-and-white television to color. But | think it's more fundamental, like the change
fromradioto TV."

The Federal Communications Commission and the giants of the television and computer industries finally
agreed to adopt digital asthe standard mode of transmission, which will further the merger of the TV with
the computer, making TV interactive.

Previoudly, the TV imagesin the United States were based on the cathode-ray tube, which scans 525 lines
across the picture screen, producing 30 images every second. The signal was sent in "analog” formati.e.,
in a continuous wave patternand could not be easily modified. (Most waves that we usually encounter in
daily life, such as sound, light, radio or TV waves, are analog signals. When they are amplified, static
builds up and information loss occurs. That's why long-distance phone calls, which must be amplified
many times, sound so scratchy.)

The new agreement changes all of this. The TV of the future will have double the resolution (1,080 lines
per screen, which approaches the quality of a 35 mm photograph), and will be digital. Instead of being
square, the screen of the future will be shaped very much like the wide-screen image found in the movies.

(The key word is"digital.” When abinary signal is sent in discrete packets of ones and zeros, the signal
can be manipulated in thousands of ways to clean it up and modify it. Error-correcting programs can
provide nearly error-free transmission, reducing the distortion and fuzziness commonly found on standard
TV screens. The signal will always be picture-perfect and free of interference, no matter where it
originated from. A signal from halfway around the world will be just as crisp asif it were broadcast from
next door. The signal can also be enhanced and magnified [as is done to the faint images sent by distant
NASA space probes]. The
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signal can also be fragmented, so that it can carry the World Wide Web and the stock market as well as
TV.)

The first commercial models of these hybrid TV/computers are expected to be shipped in late 1998. In
1997, the FCC ruled that all analog TV signals will be phased out by 2006. Consumers then may have no
choice: they will buy either adigital TV or aconverter. The standard bigbox TV found in most TV stores
will be relegated to the museum.

More important, they will have abox on top which will connect it to the Internet, making digital TV fully
interactive. Instead of vegetating passively in front of the TV screen, viewers in the future will be able to
engage and interact with the images on the TV screen.

Already, six major companies are marketing TV's hooked up directly to the Internet. Rick Doherty of the
Envisioneering Group estimates that a third of U.S. households will have them by 2002. Once the digital
transmission becomes mandatory, the Internet may eventually become a standard feature for 99 percent of
the U.S. population.

But by 2010, even the wide-screen digital TV may be phased out as a new generation of paper-thin wall
screens are introduced.

Wall Screens

Eventually, as another consequence of Moore's law, computer and TV screens will be flat enough to hang
on awall like apicture, or small enough to fit on your wristwatch.

The cathode-ray tube (CRT), which has been the workhorse of television screens since their inception,
currently makes up two-thirds of the computer monitor market. The CRT is alarge glass vacuum
chamber in which electron guns fire several beams across a large phosphorescent screen, which glows
when hit by the beams. (Color CRTs use three electron beams, one for each of the primary colors: red,
blue, and green, out of which all the other colors can be made.) The advantage of the CRT isthat it
creates a brilliant image. Early attempts at flat panels have been notoriously hard to read. However, the
CRT has numerous defects. Because electron beams move only in a vacuum chamber, CRTs will always
be heavy and thicktoo bulky and heavy to make them easily transportable.

The CRT will eventually be replaced by either liquid crystal displays (LCD) or plasma screens. LCDs
contain specia liquid crystal chemicals which flow like aliquid but have molecules arranged in
crystalline order. Such crystals have been known to science for about a century. In fact, they are quite
common, appearing in everything from cell membranes to soap scum. Normally, LCDs are transparent.
However, when a small
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electric current is sent through them, they immediately become opaque. By controlling the flow of
electricity through the LCDs, we can make blinking letters flash on and off on the screen.

Although LCDs are cheap, consume little power, and can be made notebook-thin, in the past they have
had an Achilles heel. Because they generate no light of their own, they are difficult to read in dim light.
But this problem has been solved with the most advanced form of LCD screen, the active-matrix screen,
which is able to create a brilliant image because each pixel on the screen is controlled by its own thin-film
transistor. The miniaturization of transistorsis so advanced that each dot on a computer screen
corresponds to one transistor.

The active-matrix screen, already commercially available, will dominate the market in the coming years.
Active-matrix screens are now being developed which measure twenty-two inches (measured diagonally),
larger than the standard seventeen-inch CRT computer monitor.

With the falling cost of transistors and mass production, the cost of flat panel displaysis now dropping
rapidly. The engineers at Stanford Resourcesin Silicon Valley predict that by the year 2000 they will
overtake CRTsin sales. "For the first time, it is possible to concelve of the end of the era of the desktop
CRT," declares Carry Lu, acomputer expert.

Another possible alternative to the CRT in the future is the plasma screen, which uses thousands of tiny
chambers containing an ionized mixture of neon and xenon gas that lights up in various colors and
intensities. Plasma screens can be compared to stacking together thousands of tiny neon lights, each
smaller than a pinhead, to make a screen. Their advantage is that they can be quite large, with awide
viewing angle: plasma screens have already been made which measure forty-two inches. Sixty inch
plasma displays suitable for wall screens are already in the experimental stage. Their drawback, however,
isthat they consume afair amount of power and appear a bit misty.

The market for LCDs and plasma screensis projected to soar to $19.23 billion and $5.11 billion,
respectively, by 2003.

By 2020, the flat panel displayswill likely comein avariety of forms. They will be miniaturized to work
as wristwatch screens and may be added to eyeglasses or key chains. Eventually, they will become so
cheap they will be everywhere: on the backs of airplane seats, in photo albums, in elevators, on notepads,
on billboards, on the sides of buses and trains. They may one day be as common as paper.
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Speech Recognition

Infairy tales, characters don't type in instructions to aMagic Mirror on a keyboard; they talk to it. But
speech recognition today is yet another interface bottleneck on the information highway. Remarkable
progress has been made in designing computers which can take dictation. The problem is that these
machines can recognize human speech but cannot understand what they are hearing.

In principle, voice recognition should be easy to solve. In casual conversation we use perhaps only 2,000
words. An educated person can reasonably be expected to know 10,000 to 20,000 words. A vocabulary of
thissizeis easily stored in a computer. These words, in turn, can be broken down into the various
phonemes which have long been cataloged by linguists.

Computers can identify phonemes by breaking them up into two quantities: the frequency and the
intensity of the sound. Measuring these two quantities, a computer can obtain avisual "voice print" of
each phoneme, consisting of a series of vertical squiggly lines. (For example, the larger the squiggles, the
louder the volume. The faster the squiggles, the higher the pitch.) This can be demonstrated at most
science museums, where you speak into a microphone and then see your voice pattern displayed as waves
oscillating on a screen.

At present, there are voice recognition software programs on the market which can take dictation with
over 95 percent accuracy. A typical voice recognition machine is capable of recognizing 40,000 words
spoken by a person the computer has never heard before. But the programs are imperfect. One has to talk
with a dlight hesitation between each word in order for the computer to distinguish various words. But
many expect that by 2005 even these problems will be solved. They are merely technical problems, and
do not involve overcoming any new scientific hurdles; they just require more computer power.

What is more difficult isto design machines which not only can hear human voices but can understand
what is said. Computers can read and hear, but they do not comprehend. To have atrue Magic Mirror, in
essence, involves perfecting artificial intelligence, the most difficult problem of al in computer
technology. Ultimately, it is a problem that goes to the heart of the age-old question: what makes us
human?

Thefirst tiny step isto develop "intelligent agents," programs which can make primitive decisions and act

asfilters. However, the true resolution of this problem will have to wait until the fourth phase of
computing,
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which will likely take place from 2020 to 2050, when scientists expect intelligent agents to be replaced by
true artificial intelligence.

From the Present to 2020: Intelligent Agents

Anintelligent agent should be able to act as afilter on the Internet for the user, distinguishing between
junk and valuable material. As anyone who has cruised the Net knows, much of theinformation onitis
cyber junk and cyber babble, including everything from someone's five-year-old wedding pictures to the

rantings of would-be prophets. Intelligent agents will have to make complex value judgments about what
auser wants.

One person who is working hard to make this vision of the future come true is Pattie Maes of the MIT
Media Laboratory, one of the pioneers of the intelligent agent, a computer software program which
combines aspects of a secretary, personal planner, and even companion.

After getting her Ph.D. in computer science, Maes started in the field of artificial intelligence, working
with Rodney Brooks of MIT, helping to build Cog, a humanoid robot which would learn like a child. But
like Larry Tesler before her, she gradually became disillusioned with artificial intelligence. "1 am not
convinced that if | can build arobot with the intelligence of atwo-year-old, it will teach us much about
adults,” she concluded. "It's easier to simply build atwo-year-old the biological way!"

When she became pregnant, she made a bet with Brooks over who would attain the intelligence of a two-
year-old first, Brooks's robot Cog or her baby. (She won the bet.)

She decided that if we can't achieve artificial intelligence at this stage, why not at least try to augment our
own intelligence by writing software programs for intelligent agents which could perform herculean feats
of information gathering and decision making?

On the lowest level, such an agent should be able to sift through one's e-mail, prioritizing letters,
throwing away junk e-mail, and putting them in order. At ahigher level, the agent should be able to
update one's schedule and route important calls through, informing one of new appointments, and even
blocking annoying requests. In emergencies, it can contact a user wherever he or she may be.

These agents of the future will act asfilters, preventing us from drowning in an ocean of triviaand junk
from the Internet as well as enabling us to search the Internet for items we might need. Already, Maes and
her colleagues have developed an intelligent agent which can search various scientific databases and
retrieve selected articles that may be of interest to a scientist. The most successful agents are allowed to
combine or "mate" and pass on their "generic information” (i.e., your likes and dislikes) to

< previous page page 59 next page >



< previous page page 60 next page >
Page 60

the next generation of agents. In thisway, each generation of evolving agents could become more
"adapted” to the wishes of the programmer. "In my vision of the ultimate intelligent software agent
system," she says, "there are all these 'life' forms evolving by themselves and specializing toward
whatever you happen to be interested in." She adds: "Each succeeding generation matches its owner's
interest better."

Such agents will be invaluable for people who want continual updates on sports events, news items,
hobbies, or human-interest stories. Even as we sleep, our computers will be able to silently collect
information we might need. Other uses of intelligent agents include acting as personal intermediaries or
go-betweens to other people. Singles could use them to create a database from the entire planet. Job
seekers could scan the world's want ads. Companies could locate consultants even in obscure disciplines.
Hobbyists could contact people with similar interests.

Maes has felt that the most effective intelligent agent would be a personal one, with a humanlike face and
personality. Programs have already been written for prototype intelligent agents resembling a kind of
Happy Face, with arange of perhaps ten to twenty different emotions.

"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, conveying their current state
and behavior with animated facial expressions or body language rather than windows with text, graphs,
and figures,” she has written. This means talking directly to a humanlike face, which can smile, grimace,
frown, even crack jokes.

20202050: Games and Expert Systems

In the world beyond 2020, scientists expect genuine artificial intelligence to begin to permeate the
Internet. The next step beyond intelligent agentsis a branch of artificia intelligence called heuristics,
which tries codify logic and intelligence with a series of rules. Ideally, heuristics would enable us to
speak to a computerized doctor, lawyer, or technician who could answer detailed, technical questions
about diagnostics or treatment. One of the earliest branches of heuristics which has actually exceeded
human abilities is the chess-playing machine. Heuristic machines excel in chess games because they are
based on simple, well-defined rules; millions of moves can be analyzed at the speed of light, making the
most advanced programs able to beat al but the greatest chess grand masters.

In 1996, world chess champion Gary Kasparov accepted the challenge of a computer, IBM's Deep Blue
chess-playing program. Kasparov was
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shaken to the core. With 32 microprocessors, Deep Blue could analyze 200 million positions per second.

"I could feell could smella new kind of intelligence across the table," Kasparov admitted. "I got my first
glimpse of artificial intelligence. . . when in the first game of my match with Deep Blue, the computer
nudged a pawn forward to a square where it could easily be captured.” It dawned on Kasparov that for the
first time he was facing a machine that could see ahead in novel ways. "'l was stunned by this pawn
sacrifice," he admitted.

In the first match, although Deep Blue took the first game in the series, eventually Kasparov found its
Achilles heel and trounced the computer, 4 to 2, claiming the $400,000 prize money offered by the
Association for Computing Machinery. Kasparov found the weak spot of the computer: chess-playing
machines pursue a set strategy. If you force the computer to deviate from that strategy, it becomes
helpless, flailing like an overturned turtle on its shell. "If it can't find away to win material, attack the
king or fulfill one of its other programmed priorities, the computer drifts planlessly and gets into trouble,"
Kasparov said. "So athough | think | did see some signs of intelligence, it'saweird kind, an inefficient,
inflexible kind that makes me think | have afew years|eft."

He was too optimistic. Just one year later, an improved version of Deep Blue soundly trounced Kasparov,
sending shockwaves around the world. The media asked the question, "Can machines now think?'

But Douglas Hofstadter, a computer scientist at Indiana University, echoed the thoughts of many when he
said, "My God, | used to think chess required thought. Now, | realize it doesn't. It doesn't mean Kasparov
isn't adeep thinker, just that you can bypass deep thinking in playing chess, the way you can fly without
flapping your wings."

Hyped-up statements in the press about machines being able to outthink humans are wildly premature.
After al, handheld calculators already compute much faster than any human alive, yet people do not have
nervous breakdowns and identity complexes contemplating that fact. Chess-playing machines, in a sense,
are glorified handheld calculators.

But the area of heuristics which may have the biggest impact on everyday lifeis "expert systems." These
heuristic programs contain the accumulated knowledge of human experts and can dissect problemslike a
human.

This branch of Al isbased on listing all possible "if. . . then" propositionsi.e., if something breaks down,

then you do this. Since computers are good at rapidly analyzing awell-defined set of rules and outcomes,
thereis commercial gold to be had in an Al system that can incorporate vast amounts of "rules of thumb"
For example, when you are
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sick, the doctor asks you a series of questions about your symptoms. Then the doctor tells you what might
be wrong. This"if. . . then" type of questioning is easily duplicated by computers, because they can store
the thousands of rules necessary to diagnose an illness. (The gruff holographic doctor featured on Sar
Trek: Voyager is based on a heuristic program. So was the murderous HAL 9000 in the movie 2001,
where the "H" stood for "heuristics.") Not only will computer heuristic health programs help to reduce
health costs, they may actually be more accurate than a human doctor for most simple problems since the
computer program will be comprehensive and up to date.

In 1975, an expert system called Mycin surpassed the average doctor's ability to diagnose meningitisin
patients. Aslong as the program stayed within carefully defined boundaries, it performed remarkably
well. (However, as computer expert Douglas Lenat quips: "Ask amedical program about arusty car and
it might blithely diagnose measles!")

Certain heavy industries are keen on expert systems since they can be used to replace expert factory
engineers and chemical technicians asthey retire, taking their valuable experience with them. In the
1980s, General Electric had only one engineer who knew how to repair all of GE's electric locomotives.
Over alifetime, he had accumulated a vast trove of detailed knowledge about the idiosyncrasies of these
large locomotives. He was getting old, however, and his esoteric knowledge, worth tens of millions of
dollars, would be lost when he retired. With the transferal of his knowledge into an Al program, called
the Diesel Electric Locomotive Troubleshooting Aid (DELTA), however, computers may be able to
diagnose 80 percent of the breakdowns.

Asearly as 1985, 150 companies spent a staggering $1 billion on Alprimarily on expert systems. The
fundamental problem with expert systems, however, has been that they lack common sense. No matter
how many rules they contain, they make glaring errors because they lack even a child's intuitive
understanding of the world. The reason why expert systems ultimately collapsed in the marketplace can
be summarized in one popular phrase: "It's easier to simulate a geologist than afive-year-old"i.e., an
expert system can do a reasonably good job of handling the facts necessary to do geology, but it cannot
simulate the common sense that even afive-year-old has.

Common Sense is Not So Common

The problem with computers is that stripped of their mystique and dazzling accessories, at present they
are nothing more than glorified adding machines, or "idiot savants." While these adding machines can be
modi-
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fied to become word processors, at their core they are still adding machines. They can manipulate vast
amounts of data millions of time faster than humans, but they do not understand what they are doing and
have no independent thought. Nor can they program themselves.

One of the principal problemsin the era between 2020 and 2050 will be to build intelligent systems with
common sense. Like the huge concealed portion of an iceberg hidden beneath the waves, common sense
is so embedded in our brains at such an unconscious level that we don't even ponder how we useit in our
daily lives. Only the tiniest fraction of our thinking is devoted to conscious thought. Most of our thinking
is actually unconscious thought, including common sense.

Ironically, our brains never evolved the remarkably simple neural circuitsit takes to do arithmetic. Being
able to multiply five-digit numbers, which is effortlessly performed by handheld calculators, was of no
use in escaping a hungry saber-toothed tiger hundreds of thousands of years ago. To perform arithmetic
requires surprisingly few neural circuits, but because they were not needed in our evolution, we never
developed them. Our brains did, however, evolve the sophisticated mental apparatus that enables usto
understand common sense without thinking about it and survive in a hostile world.

Computer systems are the opposite; they are marvelous at abstract mathematical logic, but in genera they
do not grasp the ssimplest concepts of physics or biology. They have difficulty, for example, solving the
following problem:

Susan and Jane are twins. If Susan is now twenty years old, then how old is Jane?

The concept of "time" (that all objects age at the same rate, that a son is younger than his father, etc.) is
easily grasped by children, but not by computers. It's alaw of physics, not mathematical logic. The
computer must be told that time progresses uniformly.

Computers have trouble with "obvious" biological facts about living things. For example, computers
make the following mistake:

Human: All ducks can fly. Charlieis a duck.
Robot: Then Charlie can fly.

Human: But Charlieis dead.

Robot: Oh. Then Charlieis dead and he can fly.

Computers have to be told that once something is dead, it cannot move. Thisis not obvious from the laws
of logic.

The problem is that computers are mathematically logical, whereas
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common sense is not. Biological and physical laws of nature are not necessarily inherent in the laws of
logic.

The Encyclopedia of Common Sense

Douglas Lenat has devoted alifetime to conquering the mysteries of common sense. He feels that the
problem isthat artificial intelligence (Al) researchers have tiptoed around the periphery of the real
problem. What is needed, he says, is hothing less than an "Al Manhattan Project,” afull frontal assault on
common sense. The challenge is to create an Encyclopedia of Common Sensei.e., a nearly compl ete set of
common-sense rules. In other words, instead of analyzing isolated pieces of logic, he is advocating a
brute force, take-no-prisoners approach.

Beginning in 1984, Lenat began to create Cyc (short for encyclopedia), a $25 million project which was
funded by a consortium of companiesincluding Xerox, Digital Equipment, Kodak, and Apple. While
previous programs could barely achieve the common-sense logic of athree-year-old, Cyc's goal was to
achieve the common-sense knowledge of an adult. "No one in 2015 would dream of buying a machine
without common sense," Lenat claims, "any more than anyone today would buy a personal computer that
couldn't run spreadsheets [or] word processing programs.”

Lenat believes that in the future everyone will load common-sense programs into their computers,
allowing them to have intelligent conversations with their computers, which will be capable of
interpreting and carrying out people's commands. Lenat's goal isto write down acomplete list of all
common-sense rules. Some "obvious' rules include:

Nothing can bein two places at the same time.

When humans die, they are not born again.

Dying is undesirable.

Animals do not like pain.

Time advances at the same rate for everyone.

When it rains, people get wet.

Sweet things taste good.

Each "obvious' statement can take his crew many weeks or months to break down into its logical
components. After ten years of work, he has accumulated 10 million such assertions, requiring a billion
bytes of information. He ultimately hopes to accumul ate a staggering 100 million "obvious" assertions.
At times Lenat despairs of compiling al the ambiguities hidden within the English language, ambiguities

that are only resolved by a person's knowledge of the real world. Take, for example, the statement: "Mary
saw
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abicyclein the store window. She wanted it." Lenat says, "How do we know that she wanted the bicycle,
and not the store, or the window?" The actual resolution of this simple problem requires that Cyc
understand the nearly complete set of likes and dislikes of human beings.

The difficulty of the problem is underscored by the fact that it took Lenat three months for him to
program Cyc to understand the following:

"Napoleon died on St. Helena. Wellington was saddened.” Unraveling these two deceptively ssimple
sentences was complicated because Cyc had to untangle a chain of "obvious' statements. First, Cyc had
to figure out that Napoleon was a person; that persons have the unfortunate habit of dying; that death is
irreversible and undesirable; that death, in turn, often triggers emotion; and that sadnessis one of these
emotions.

Lenat and his staff get ideas for Cyc from amost unusual source: by reading scandal ous supermarket
tabloids and asking themselves what Cyc needs to know to understand (or refute) them. Lenat asks the
guestion: can Cyc spot the errors in the tabloids? (If Cyc succeeds in seeing through the misconceptions
in the supermarket tabloids, it probably will have already exceeded the common-sense abilities of a great
many Americans!)

One of Lenat'sintermediate goalsisto hit the "break even" point, where the computer will be able to
learn faster by ssimply "reading” new material than by having an army of private tutors with Ph.D.s. Like
ayoung bird taking off on its maiden voyage, Cyc will then be able to soar on its own power. At that
point, it can dispense with human teachers and, like a ten-year-old child, read and learn on its own.

Lenat sums up his philosophy with the statement: "Intelligence is 10 million rules." Thisis the opposite of
the approach taken in physics, where physicists try to reduce vast amounts of material to the simplest
equations. According to Lenat, thisis, in fact, the problem with Al research. Like Al founder Marvin
Minsky, Lenat believesthat Al researchers have fallen victim to "physics envy." Impressed with how
successful physicists have been in representing the physical world with a handful of equations, they have
mistakenly thought that artificial intelligence could aso be reduced to afew lines of logic.

But to Lenat, common sense and intelligence are the sum total of millions of lines of code. They cannot
be reduced to afew lines of logic. Thisiswhy Lenat feels the Cyc program is so important. Beyond 2020,
if Cyc can be successfully incorporated into an expert system, it could give us computerized doctors,
industrial chemists and engineers, lawyers, and so on.

Not everyone in the Al community believesin Lenat's work. Maes, for example, thinks that a truly
intelligent agent must learn from and interact
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with its environment. Randall Davis, another Al researcher, givesit an "outside chance" of working, but
he concedes that "Cyc is not arocket ship that is going to make it to the moon or not. It isavast
experiment in absolutely hard-core empirical Al. Something important will come out of it." Perhaps we
are being too critical, he says. After all, he reminds us, "you can look around and see that the planet is
populated by semi-intelligent systems [i.e., us] who have only the barest theory about time, space,
causality, and so forth."

A "Week in the Life" in 2020

So how might these scientific revolutions affect our lives? Although | will discuss the next 100 years and
beyond in Visions, scientists can guess with reasonable accuracy about life in the year 2020 because many
of the prototypes of the inventions and technol ogies contained in the following story already exist in the
laboratory. Far from being science fiction, many of the technologies | profile are already beginning to
prove their worth. As Paul Saffo of the Ingtitute for the Future has said: "The future is already here. It's
just distributed unevenly."

What followsisa"Week in the Life" scenario of what life might be like in the year 2020 if you were an
executive dealing with the latest technol ogy.

6:30 A.M. June 1, 2020

A gentle ring wakes you up in the morning. A wall-sized picture of the seashore hanging silently on the
wall suddenly springsto life, replaced by awarm, friendly face you have named Molly, who cheerily
announces: "It'stime to wake up!”

Asyou walk into the kitchen, the appliances sense your presence. The coffeepot turnsitself on. Bread is
toasted to the setting you prefer. Y our favorite music gently fillsthe air. The intelligent house is coming
to life.

On the coffee table, Molly has printed out a personalized edition of the newspaper by scanning the Net.
Asyou leave the kitchen, the refrigerator scans its contents and announces: "Y ou're out of milk. And the
yogurt issour.” Molly adds. "We're low on computers. Pick up adozen more at the market while you're at
it."

Most of your friends have bought "intelligent agent” programs without faces or personalities. Some claim
they get in the way; others prefer not to speak to their appliances. But you like the convenience of voice
commands.

Before you leave, you instruct the robot vacuum cleaner to vacuum the
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carpet. It springsto life and, sensing the wire tracks hidden beneath the carpet, beginsits job.

Asyou drive off to work in your electric/hybrid car, Molly has tapped into the Global Positioning System
satellite orbiting overhead. "There isamajor delay due to construction on Highway 1," she informs you.
"Here is an aternate route” A map appears ghostlike on the windshield.

Asyou start driving along the smart highway, the traffic lights, sensing no other cars on this highway, all
turn green. Y ou whiz by the toll booths, which register your vehicle PIN number with their laser sensors
and electronically charge your account. Molly's radar quietly monitors the cars around you. Her
computer, suddenly detecting danger, blurts out, "Watch out!" There's a car behind you!" Y ou narrowly
miss acar in your blind spot. Once again, Molly may have saved your life. (Next time, you remind
yourself, you will consider taking mass transit.)

At your office at Computer Genetics, agiant firm specializing in personalized DNA sequencing, you scan
some video mail. A few bills. You insert your smart wallet card into the computer in thewall. A laser
beam checks theiris of your eye for identification, and the transaction is done. Then at ten o'clock two
staff members "meet" with you viathe wall screen.

4 P.M.

Molly informs you that it is time for your doctor's appointment. As Molly makes the connection, your
virtual doctor appears on the wall screen. "We picked up trace amounts of a certain protein in your urine.
There is amicroscopic cancer colony growing in your colon," he says.

"Isthat serious?' you ask anxioudly.

"Probably not. No more than afew hundred cancer cells. We'll zap them with a few smart molecules.”
"And just out of curiosity, what would have happened before protein testing and smart molecules?' you
ask.

"WEell, in ten years, you would have developed a small tumor, at that point there would have been several
billion cancer cells growing in your body, and your chances of survival would be about five percent.”
The virtual doctor frowns and says, "We also used the new MRI machine to take a peek inside your
arteries. At the present rate of plaque buildup, the computer calculates that within eight years, you will
have an eighty percent increased risk of aheart attack. I'm video-mailing a strict program of exercise,
relaxation, meditation, and yoga."

Oh great, Molly will have one more function: that of your personal trainer.
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Evening

That evening, you attend a company cocktail party. As you wander among the guests, the video camerain

)r/noelg] g:;\ss& scans the faces in the crowd and Molly matches the faces with the computer profilesin her

Molly whispersin your ear who each person is from a special miniature transmitter in your glasses.

By the end of the party, you've drunk a bit too much. Molly whispers, "If you drink any more, the breath
analyzer in the dashboard won't allow you to start the car.”

Midnight, Wednesday

Y ou decide to do some last-minute shopping. "Molly, put the virtual mall on the screen; | need to buy a
new sweater."

The wall screen flashes an image of atown mall. Y ou wave your hands above the coffee table, and the
video image changes, as if you are walking through the mall.

Y ou pick out the sweater you want from the racks. Y ou like the design, but the size iswrong. Fortunately,
Molly maintains your precise 3-D measurements.

"Molly, | want ared sweater, not a blue one, but without those frills. Send the order, and put it on my
smart card."

Then you decide to house-hunt some apartmentsin the city and several beach housesin Europe. Pictures
of apartments and beach houses in the price range you specified appear on the wall screen. Y ou walk
through them with your fingers.

Thursday night

Y ou have no date for that weekend. On awhim, you tell Molly to scan the names of al the eligible single
peoplein the area, matching them to your tastes and hobbies.

A list of faces appears on the screen, with a brief description beneath each picture.

"WEell, Molly, whom do you think | should contact?"

"Wéll, | think numbers three and five look rather promising. They're an eighty-five percent match to your
interests." Molly then scans the facial features of each person and performs some computations on their
facial measurements. "Plus, | think numbers three and six are rather attractive, don't you?' Molly says.
"And don't forget number ten. Good parents.”

Molly has picked out the most austere, conservative-looking people in the group. Molly is beginning to
sound just like your mother!
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Saturday night

One of the people you picked from the list has agreed to go out with you.

Y ou and your date go to aromantic restaurant, but just as you are about to eat, Molly scans your meal for
its nutritional content. "There's too much cholesterol in that food."

Y ou suddenly wonder if you can turn off Molly.
Afterward, the two of you decide to go back to your apartment to watch an old movie.

"Molly, I'd like to see Casablanca. But thistime, could you replace Ingrid Bergman's and Humphrey
Bogart's faces with ours?”

Molly downloads the movie off the Net and begins to reprogram all the faces in the movie.

Soon you see yourselves transported on the screen back to war-torn Morocco. Y ou can't help but smile at
the end of the movie as you see yourselvesin the final scene at the airport, staring into each other's eyes.

"Here'slooking at you, kid."

Conclusion

In the period from 2020 to 2050, we might interact daily with expert systems and common-sense
programs in our Magic Mirror, which, in turn, could revolutionize the way certain professions are
organized. Although specialized information and services will necessarily be provided by human experts,
many everyday questions may well be answered by intelligent expert systems.

Of course, such computer assistance raises questions. What is it that makes us human? How do we think?
In the next two chapters, | will explore the culmination of artificial intelligence, the creation of an
artificial mind.

Unlike the quantum or biochemical revolution, the study of human consciousnessis till initsinfancy.
The Newton or Einstein of artificial intelligence probably has not been born. However, thereisa
revolution taking place within that field which is upsetting previous thought, provoking entirely new
discussions about what it means to be human.
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4
Machines That Think

"Sometime in the next thirty years, very quietly one day we will cease to be the brightest things on
earth."
JAMES MCALEAR

Creating the Future

A VISIT to MIT'sfamed Artificia Intelligence Laboratory isfull of delightful twists and surprises. The
Al Lab islocated on the eighth and ninth floors of a modern building in Technology Square just off the
main MIT campus, looking very much like an ordinary office building.

But when one opens the door, he or she sees a strange spectacle: the world's most expensive toy factory,
an elaborate mechanical playpen for brilliant engineers who have never grown up. With teams of intense
grad students slumped over their benches, carefully assembling dangling legs, arms, bodies, and heads
with their tools, the place looks very much like a high-tech version of Santa's workshop.

Wandering around the lab, one sees a menagerie that would light up any child's eyes: atoy battlefield
with realistic-looking miniature tanks, large plastic dinosaurs, a huge Plexiglas-enclosed sandbox,
complete with atwo-foot mechanical ant, and a ten-inch-long mechanical cockroach. These mechanical
denizens, far from being futuristic children's toys appearing beneath a Christmas tree, may one day evolve
into an army of automatons which will walk on the surface of Mars, explore the solar system, and even
enter our homes.

Everywhere in the lab, thereis a playful atmosphere. The blackboards
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are covered with silly rhymes and syllogisms; there is even ayellow brick road painted on the floor that
leads to the computer nicknamed Oz.

In one corner of the lab sits Odie, a contraption about two feet tall resembling a mechanical dog, equipped
with video cameras for eyes and a smart bow tie, resembling the dog Odie from the comic strip Garfield.
Odie responds to motion; wherever one's hand moves, Odi€e's video eyes lock on precisely, following
every twist and turn. Unlike his namesake, however, Odie is no slowpoke: drop a book without warning
and Odi€e's video eyes can track it instantaneously as it falls to the floor.

In another corner liesWAM, alarge mechanical arm attached to a TV camera. Throw a Day-Glo red
plastic ball at WAM and the cameralocks onto the ball in midair, the computer plotsits future trgectory,
and WAM's arm lunges out and snatches it. Not bad for a one-armed bandit.

In the basement lies Trudy, an elaborately crafted four-foot mechanical dinosaur named after the
Troodon, a sleek chickenlike dinosaur that once walked the earth. Trudy is designed to walk, run, and one
day hop like its namesake. It is one of several walking robots at MIT, some of which can hop, skip, even
flip upside down in midair, and do everything except break-dance.

Touring this bizarre room, one gradually realizes that the Al Lab is aromper room for geniuses, what
might have happened if Peter Pan's Lost Boys all turned into computer whizzes and hackers. The future, it
seems, is being invented by ateam of mischievous, overgrown children with Ph.D.'s.

Amidst the chaotic jumble of oversized mechanical toysisthe devilishly simple creation of Rodney
Brooks named Attila. Attila has aface only amother (or creator) could love. Weighing in at 3.6 pounds, it
looks like a gangly, six-legged oversized cockroach made out of rods, complete with ten computers and
150 sensors. It spends most of the day crawling like a bug at the brisk speed of 1.5 miles per hour,
successfully avoiding whatever obstacles are placed in its path.

Like a proud, beaming parent, Brooks boasts, "Ounce for ounce, Attilais the world's most complex robot."
To Brooks, the future of artificial intelligence does not belong to giant computers which fill up entire
floors, romanticized in countless Hollywood films. It belongs instead to tiny but remarkably agile
mechanical bugs like Attilaand afresh, entirely new approach to artificial intelligence and robotics.
Unlike traditional mobile robots, which must be fed huge computer programs before they can move,

Attilalearns everything from scratch. It even hasto learn how to walk. When it isfirst turned on, its feet
flail in al directions, like a drunken cockroach. But gradually, after much trial and
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Attilaand Hannibal (shown here) are insectoids, representing a new approach to
artificial intelligence called the "bottom-up" approachusing paradigms found
in nature to simulate intelligence. Unlike preprogrammed robots, these are
true automatons that can make their own decisions. (© Bruce Frisch)

error, it learns how to move its six legs with the proper coordination, like areal insect. A simple feedback
mechanism is all that is necessary for Attilato learn how to crawl all over the Al Lab.

The robots of this new generation are affectionately called "insectoids’ and "bugbots.”

"Insects have immensely slow computers with just afew hundred thousand neurons, and yet they fly
around in real time and avoid stuff,” Brooks notes. "Insects must organize their intelligence in some better
way that allows them to get around so well, and that started me thinking about how to reorganize arobot's
computations so it could get around in the real world in real time."

Evolution has built insects with less brainpower than a standard computer, yet they can outperform all of

their mechanical rivalsat MIT. Compared with the tiny, fleet-footed insects that have taken over the
earth's surface, traditional Al robots are oafish mechanical stumblebums.
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Brooks has little use for the monstrously long computer programs that try to mimic the process of
"reason” and human thought; his creations, by contrast, have tiny brains and slim, streamlined circuits
which learn to do what bugs do best in the real world, such as poke around and bump into their
environment.

Already, the pioneering creations of Brooks and his colleagues are sailing into outer space to invade the
planet Mars. NASA was so impressed with Brooks's insectoids that it patterned its first Mars Rover
(named Sojourner) after Attila.

The Sojourner, sent to Mars aboard a Delta |l rocket in December 1996, weighs twenty-two pounds, has
six wheels, and can crawl and maneuver over steep craters and rough boulders, with little assistance from
ground control. As part of the Mars Pathfinder mission to Mars, the Rover will be the first autonomous
land vehicle to roam freely over that desert planet. (Since it takes roughly ten minutes for aradio signal to
reach Mars, when Marsisin range at al, guiding aMars Rover by remote control was out of the
guestion.) Five similar robots are being planned for the future space station.

Brooks's papers, with provocative titles like "Intelligence Without Reason™ and "Elephants Don't Play
Chess," have ruffled more than afew feathers in the close-knit field of Al. But decades of intense effort at
writing chess-playing programs have not given us the slightest insight into why animals like elephants,
who cannot play chess, are so successful in the wilderness. In contrast, Brooks's tiny robots are machines
that can walk and maneuver in the real world, not the carefully controlled, sterile environments of the
standard mobile robot. He makes no pretense that his machines have anything close to "reasoning” ability.

Cross-Fertilization of the Three Revolutions

This biology-based approach to artificial intelligence is called the bottom-up school. The inspiration for
this comes not only from insects but also the rich variety of simple structures found throughout biology
and physicse.g., frog eyes, neurons and neural networks, DNA, evolution, and animal brains. And perhaps
one of the most bizarre (and promising) approaches comes from the quantum physics of atoms.

The many bottom-up approaches share one feature: they let the machines learn from scratch, the way
biological organisms do. Like a newborn baby, they learn from their own experience. This philosophy can
be summarized roughly in one phrase: learning is everything; logic and programming are nothing. First,
you create a machine that can learn; later, it
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learns the laws of logic and physics by itself by bumping into the real world.

As| stated earlier, scientific progressin the future will be propelled up by the intense interplay between
guantum physics, molecular biology, and computers. After years of stagnation in the field of artificial
intelligence, the biomolecular revolution and the quantum revolution are beginning to provide aflood of
rich, new models for research.

One of the strangest consequences of thistight interplay between the three revolutions is a sociol ogical
one: the migration of theoretical physicists (who normally work on arcane subjects like superstring
theory, trying to unify the laws of the physical universe) into brain research. Severa of my colleagues
with established reputations in quantum gravity and superstring theory are now applying their formidable
knowledge of quantum physics to understanding how the brain functions, treating neurons like atoms.

Thisinterplay between the three scientific revolutions is one of the most important factors driving the
science of the future, as we will see throughout this book.

Although researchers of the two schools of artificial intelligence sit side by side in the same building, the
lines between them are clearly drawn. On one side of the debate are the distinguished founders of
artificial intelligence who have spent alifetime programming mammoth computers to model human
intelligence. Their ingpiration for a thinking machine was a powerful digital computerthe bigger, the
better. Their strategy was dubbed the top-down approach; they believed they could program in the logic
and reasoning ability necessary for a machine to think. They assumed that thinking machineslike
Minerva, the Roman goddess of wisdom, who sprang from Jupiter's forehead fully grownwould emerge
fully developed from a computer.

Their recipe for building a thinking machine was simple: First pour the complex rules and programming
into adigital computer in order to reproduce logic and intelligence, then sprinkle on afew subroutines for
speech and vision, attach mechanical hands, legs, and eyes. . . Voila! Y ou would have an intelligent robot.
Inside that robot's brain would be a complete representation of the outside world, a detailed manual that
described the rules for living in the real world.

Their philosophy was based on the idea that intelligence can be simulated by a " Turing machine," which
formsthe basis of all digital computers. But the traditionalists soon slipped into a quagmire; they
profoundly underestimated the enormity of writing down the complete road map of human intelligence.
Their computer-based machines turned out to be pathetic, feeble creatures. The mobile robots built on
their ap-
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proach consumed vast amounts of computer power, yet they were supremely inept: agonizingly slow and
timid, they frequently got lost. They were useless in the real world.

Thomas Dean of Brown University admits that the lumbering mobile robots built along these lines are
quite primitive. His machines, he says, are "just at the stage where they're robust enough to walk down
the hall without leaving huge gouges in the plaster.”

Furthermore, the practitioners of the top-down approach to Al, according to Al pioneer Herbert Simon,
have often shot themselvesin the foot by making outrageous claims. MIT's Berthold Horn tells the story
of an Al conference in Boston where reporters were buzzing around one scientist who was claiming that
in five years robots will pick up things left on the floor. He recalled that he dragged the scientist into a
corner and told him, "'Don't make these predictions! People have done this before and gotten into trouble.
Y ou're underestimating the time it will take.' He said, '| don't care. Notice that all the dates I've chosen
were after my retirement date!' | said, 'Well, | won't be retired and people will come back and ask me why
they don't have robots picking up socksin their bedrooms!™

Amidst the ruins of the top-down approach, many felt the time was ripe to start all over from scratch.
Brooks's insect machines, based on a bottom-up approach, in comparison are downright retarded, but,
after aperiod of trial and error, manage to crawl successfully across rugged landscapes, effortlessly
avoiding obstacles and zipping past the competition.

The researchers in the bottom-up school see their creations as upstart mammals: fast, nimble creatures
which can take over when the lumbering computer dinosaurs perish. While the top-down school drowns
in millions of lines of computer codes, they boast that the sleek, efficient brains of the bottom-up school
will conquer the world.

Although relations between the two schools are cordial, this does not disguise the fact that Brooks and his
colleagues in the bottom-up school are considered heretics by somein the Al community. They have
thumbed their noses, rhetorically speaking, at computer-based machines by adopting paradigms borrowed
from biology and evolution.

Marvin Minsky, co-founder of the lab, issuing a broadside against the bottom-up school, says, "Why
bother building a robot that's capable of getting from here to there, if once it getsthere it can't tell the
difference between atable and a cup of coffee?”

Brooks fires back, "I get very frustrated when people say to me, Y eah, but your robots don't do such and
such. Well, of course they don't. Chess-playing programs don't climb mountains, either.”
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With these disagreements, one would think that the lab would be paralyzed. Actually, the diversity is
tolerated, even encouraged.

"I think it's great that everyone isfighting and disagreeing,” muses lab director Patrick Winston. "They're
making things very interesting again, just like it wasin the early days."

Tomas Lozano-Perez, the lab's associate director, agrees. "Complete agreement is a sign of rigor mortis,”
he notes.

Ultimately, the final resolution of this split may come from a merger of these two schools in the twenty-
first century. Al pioneers like Hans Moravec of Carnegie-Mellon University believe that the final stepin
artificial intelligence may ultimately lie in a sophisticated synthesis or blend of both schools. "Fully
intelligent machines will result when the metaphorical golden spike is driven uniting the two efforts,” he
says, predicting that this union will take place in about forty years.

An eventual merger between these two opposing schools in the middle of the next century is probably the
most reasonabl e estimate of the future of Al. Both schools have distinct advantages and disadvantages.
Humans, after all, combine the best of both schooals; not only do we learn from bumping into the real
world, we also absorb certain data by sheer memorization, as well as having certain circuits "hard-wired"
into our brains. Whether we are learning music, aforeign language, a new dance step, or higher
mathematics, our brains use a combination of trial-and-error learning as well as memorization of rules.

Preprogrammed Robots

Given the rather primitive state of artificial intelligence, it may be twenty-five years or more before we
see any of the creations of the MIT Al Laboratory enter the marketplace. Instead, from now to the year

2020, what may gradually gain acceptance in the market are increasingly sophisticated industrial robots
which are either preprogrammed or remote-controlled.

In the period from 2020 to 2050 we are likely to enter the "fourth phase" of computing, when intelligent
automatons begin to walk the earth and to populate the Internet. During this period we may finally see the
synthesis of the top-down and bottom-up schools, giving us true robots with common sense which can
learn, move, and interact intelligently with humans. Beyond the year 2050 we are likely to enter the "fifth
phase" of computing, with the beginnings of robots with consciousness and self-awareness.

To more fully appreciate the importance of these developments, it is necessary to distinguish between
MIT's robots, which are true automatons
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which can act independently, and the industrial robots on Detroit's automobile assembly lines, which are
preprogrammed. Preprogrammed robots possess the "intelligence” of simple windup toys, music boxes,
and mechanical pianos. These industrial robots obey instructions written on computer disks and chips;
otherwise these robots are largely identical to overgrown toys. Every movement has to be tediously
scripted and spelled out. Disney Studios, for example, has produced a series of remarkable robots that can
sing, dance, gesture, even tell jokes, often significantly better than the average human. But although they
can execute sophisticated humanlike movements, they are in essence Just clever preprogrammed windup
toys which are carefully scripted ahead of time.

Preprogrammed and remote-controlled robots are already being used to carry out extremely dangerous
missions. Rover 1 was used to repair the damaged Three Mile Island reactor in 1979 after it came within
thirty minutes of afull-scale meltdown. Jason Jr., arobot submarine, took historic photos of the wreckage
of the ocean liner Titanic rusting on the bottom of the Atlantic Ocean in 1986. Lunokhod, a Russian
"dune buggy," landed on the moon and roamed over its craters under remote control.

Because of the explosion in computer power, by 2020 we should see increasingly sophisticated
preprogrammed robots become commercially available and entering our homes, hospitals, and offices.
Some robots aready on the market include HelpMate, a four-foot medical robot used at the Danbury
Hospital in Connecticut to fetch drugs and equipment for doctors and nurses, following a map of the
hospital lodged in its memory. It is operated by punching commands on a keypad. Eventually, medical
robots could reduce the skyrocketing cost of health care for the aged. Robo-Surgeon, a medical robot at
the Long Beach, California, Memorial Medical Center used in brain surgery, can drill aprecision holein
the human skull within a thousandth of an inch. It resembles alarge mechanical arm, with aremovable
scalpel or needle at the end. Sentry was a 485pound robot which acted as a security guard. Denning
Mobile Robotics, Inc., used to sell Sentry for $50,000. Looking like R2D2 in the movie Star Wars, it
resembled a fifty-five-gallon drum on wheels. Aslong asit conducted its patrols repetitively along the
same path, moving at five miles per hour, it worked fine, and even thwarted a burglary at Boston's
Bayside Exposition Center.

Hans Moravec believes that these clumsy robots will eventually evolve into more sophisticated robots
roughly according to the following time schedule.

From 2000 to 2010, these robots will increasingly develop into reliable helpers, able to navigate in
factories, hospitals, and the home and perform
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well-defined functions. He calls such robots "V olks-robots.” They will mow lawns, act as butlers,
perform car tune-ups, perhaps even cook gourmet meals.

From 2010 to 2020, these robots will begin to be replaced by machines that can learn from their mistakes.
Although clumsy at first, they will learn from their constant interactions with humans. They may even
possess a primitive "pain" and "pleasure” system to reinforce certain positive acts and prohibit others.

From 2020 to 2050: Robotics and the Brain

An area where the top-down approach has been less successful isthe field of robotics, which studies
mobile robots that can recognize obstacles and move around them. The first mobile robot, called Shakey,
was built in 1969 at the Stanford Research Institute, and resembled a large tin can sitting on wheels. On
top of the can were TV cameras, range finders, and a radio antenna to connect it to a remote computer. It
could only recognize geometric objectsin a carefully controlled environment, and even then it took hours
to move across aroom. Unfortunately, over the intervening thirty years, not much progress has been
made beyond Shakey.

One difficulty that has dogged these mobile robots is the notorious problem of pattern recognition. These
primitive mobile robots can see, but they can't understand what they are seeing. When their cameras scan
aroom, they break up the image into thousands of tiny dots, which they have to tediously compare, dot
for dot, with the images stored in their memory, which can take anywhere from hours to days. Driving a
car, which requires recognizing an ever-changing landscape, is out of the question for the most powerful
robot. Recognizing faces is a particularly difficult problem. Computers have great difficulty recognizing a
familiar human face if it isrotated by even afew degrees.

Y et our human brain can recognize new surroundings and can identify a single face out of thousands, all
within afraction of a second.

The three and a half pounds of neurons sitting on our shoulders is perhaps the most complex object within
the solar system, perhaps even in this sector of the galaxy. Although we can hold the brain in our hands,
take it apart neuron by neuron, we have only the most primitive understanding of how it works.

Scientists have been fascinated by the fact that the brain consists of several layers, reflecting the gradual
progression of our evolution.

Since nature isfrugal, usually recycling lower formsinto higher ones, rather than destroying the older

form, our own brain serves somewhat as a museum preserving its own evolutionary history. Asa
conseguence, our
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brain consists of several distinct and concentric layers, starting with the most primitive layer and having
successive and more advanced layers surrounding previous ones.

The first and deepest layer of the brain iswhat biologist Paul MacL ean has called the "neural chassis,”
which controls the basic life functions, such as respiration, the heartbeat, and blood circulation. It consists
of the spinal cord, brain stem (medulla and pons), and midbrain. In fish, the neural chassis makes up most
of the brain.

Surrounding the neural chassisis the R-complex (olfactostriatum, corpus striatum, and globus pallidus),
which controls aggressive behavior, territoriality, social hierarchies. Thislayer isfound in reptiles, and is
sometimes called the "reptilian brain."

Surrounding thisis the limbic system (thalamus, hypothalamus, amygdal a, pituitary, hippocampus),
which isfound in mammals. It controls mainly emotions and social behavior, but also smell and
memories. As mammals evolved complex social relations for survival, a greater part of the brain was
required to handle the problems and dynamics of living in a cohesive group.

And lastly, surrounding all the previous layers, is the neocortex (frontal, parietal, temporal, occipital
lobes), which controls reason, language, spatial perception, among other functions. In contrast to other
animal brains, which are quite smooth, we have pronounced wrinkles on the surface of our brain, which
increases the surface area of the cerebral cortex.

From this perspective, we can see that our present-day robots are still in the most primitive phase,
possessing only the neural chassis. Our robots have yet to evolve any social hierarchies, emotions,
socialization skills, or cognitive skills that typify animals more complex than fish. But from this, we can
appreciate the complexity of the animal brain and how far we must still advance before we approach the
abilities of the human brain.

One quantum physicist fascinated by the architecture of the human brain is Miguel Virasoro, recently
named director of the famed International Center for Theoretical Physics at Trieste, Italy, operated in part
by the United Nations. Originally, Virasoro made an international reputation for himself in superstring
theorythe fundamental symmetry of stringsis called the Virasoro algebra, in his honor. Virasoro,
however, is one of many quantum physicists whose fascination with artificial intelligence has taken him
to neural networks and brain theory.

Virasoro believes that the power of microchips will one day approach the raw computing power of the

human brain. But does that mean that the brain is a computer? he asks. Our computers have already
exceeded or matched me computational power of certain animal brains. A typical

< previous page page 79 next page >



< previous page page 80 next page >
Page 80

SUN-4 computer can process information at the rate of about 200 million bits per second. In speed alone,
that matches the ability of a snail's brain, which contains 100,000 neurons. The Cray-3, one of the fastest
computers on earth, can process information at the rate of 100 billion bits per second, whichis
comparable to the brain of arat, which contains about 65 million neurons.

By comparison, some scientists estimate that the human brain can calculate at the rate of 100 trillion bits
per second, or about a thousand times faster than the Cray-3. Since computing power doubles every
eighteen months, it is possible, barring an interruption as the Silicon Age comesto a close, to derive a
mathematical estimate of the time when computers will overtake the raw calculational power of the
human brain. If current trends continue, we should be able to build computers which are as fast as the
human brain and contain as much information by early in the next century, perhaps between 2010 and
2030. By 2040, even desktop computers will have the computing ability of a human brain.

In 1996 the Department of Energy awarded a $93 million contract to IBM to build the world's fastest
computer by 1998, a computer that will handle 3 trillion operations per second and will process 2.5
trillion bytes of informationwithin striking distance of the power of the human brain.

Virasoro's fundamental objection to this top-down approach to the brain, however, isthat the brain is not
a Turing machine;in fact, it's not a computer at all. Creating faster and faster computers in the hopes of
duplicating the human brain is a wild-goose chase.

To seethis, it is necessary to understand how the brain iswired up. There are about 200 billion neuronsin
the brainor about the number of stars in the Milky Way galaxy. They fire perhaps 10 million billion times
per second. Although nerve impulses travel at an excruciatingly slow rate of 300 feet per second (or 200
miles per hour), the brain makes up for this by the vast complexity of its parallel connections.

Virasoro points out that each neuron is connected to about 10,000 other neurons, and hence the brain
functions as aparallel processor, carrying out trillions of operations simultaneously per second. Y et it
only consumes about the energy of an ordinary lightbulb. To appreciate its efficiency: if one could
somehow build a standard computer as powerful as the human brain, it would consume about 100
megawatts, enough to power an entire town.

Although computers can calculate at nearly the speed of light, they perform calculations one a atime.

The brain, in comparison, calculates at a snail's pace, but makes up for this by performing trillions of
operations simultaneously. As aresult of the way it functions, large portions of
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the brain can be destroyed by a stroke and yet the brain still can function and even regain some lost
function. By contrast, a Turing machine can be completely destroyed by the loss of even asingle
transistor. The brain is thus very fault-tolerant. To Virasoro, the brain is actually an extremely complex
neural network, which is one of the foundations of the bottom up school of Al.

Talking Robots
Aoooeechiooaaaaal A low, amost inhuman howl fills the room.

Like aproud father listening to his child say "papa’ for the first time, Terry Sgnowski, a young professor
working on neural network theory, smiles with deep satisfaction. The eerie guttural sound, almost awail,
comes from his machine, NETalk, aneural network he created one summer at Johns Hopkins University
that has made history, a neural network that can learn to pronounce the English language ailmost from
scratch.

Sejnowski rejected the usua top-down approach to reproducing human speech. He threw out the fat
dictionaries of pronunciation and programs brimming with the rules of phonetics and the tedious list of
exceptions to al the previous rules, which had no rhyme or reason. Instead, he replaced al thiswith a
surprisingly simple neural circuit. Miraculously, NETalk learns to speak English the way we do, from
trial and error alone. No programs, no dictionaries, no rules, no rules for exceptiongjust the ability to learn
from its mistakes.

Sejnowski begins atypical demonstration by giving NETalk atape recording of atext (usually achild's
essay of about 100 words). NETak begins by randomly trying to read the text. Then it applies "Hebb's
rule." Each time it "reads’ the text, it compares its almost pathetic effort with the text and makes small
adjustmentsin its neural net. Each neural connection which comes closer to the correct pronunciation is
strengthened. With each adjustment, NETalk gets closer to the text.

In thisway, NETak mimics the way children learn how to pronounce words. Psychologists, who have
placed tape recorders next to infants when they are alone at night before they go to sleep, have long
known that they will endlessly repeat the sound of certain words to themselves, until they slowly perfect
each word. With each trial, the child gets a bit closer to the correct pronunciation.

Sejnowski explains how NETalk beginsto learn: "Thefirst thing it discoversis the distinction between
vowels and consonants. But it doesn't know which iswhich, so it just putsin any vowel or consonant. It
babbles."

A neural network such as NETalk is a collection of electronic neurons
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which mimic the behavior of the brain. Each time a neural network makes a correct choice, the circuits
are reinforced by changing the "weights" of each neuron. Each time it makes an error, the connections are
deemphasized. After afew hours of this painfully slow process, one can detect unmistakable progress
toward the correct pronunciation.

"Hear the difference?’ Sginowski says excitedly. "Now it has discovered spaces, the distinction between
words. So it speaks in bursts of sounds, pseudowords."

After about a day, the progress is astonishing. Overnight, NETalk can read the text with 98 percent
accuracy at the level of athird grader. After sixteen hours, with uncanny accuracy it was able to read the
words "l walk home with some friends from school. | like to go to my grandmother's house. Because she
gives us candy."

Of course, neural networks still have along way to go before they can model the human brain. As
physicist Heinz Pagels has said: "The difference between areal neuron and the model neuron. . . islike
the difference between a human hand and a pair of pliers." But the fact that a simple neural network can
speak at al isremarkable, indicating that perhaps human abilities can be simulated by electronics.

Robotics Meets Quantum Physics

Sejnowski is part of arecent migration of quantum physicists who have found arich new field of
investigation: using the laws of the quantum theory to probe the secrets of the brain.

Brain research, of course, isvastly different from pure theoretical physics. In physics, the goal isto find
the simplest, most elegant solution to the most fundamental problems, such as the Big Bang and the
unified field theory. Biology, however, is messy, inelegant, full of dead ends, and the brain represents the
end product of all these detours. While physicsis based on "universal” laws, the only universal law
recognized in biology isthe law of evolution, with al its twists and accidents.

Sejnowski remarks, "A lot of the details and organizational decisionsin biology are historical accidents.

Y ou can't just assume that nature took the simplest and most direct route to do something. Some features
are remnants of some earlier stage of evolution, or it may be that some genes that happen to be around are
commandeered for some other purpose.”

In designing NETalk, Sginowski is following in the footsteps of John Hopfield, the quantum physicist
who helped to break open the field of neural networksin 1982 and the current tidal wave of interest in
neural network theory after decades of neglect.

Tall, handsome, and nattily dressed, John Hopfield looks more like a
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distinguished college president or CEO than a solid-state physicist with his head buried in a mountain of
arcane tables listing the properties of crystals, metals, magnets, and semiconductors.

In the late 1970s, Hopfield began to attend seminars on neuroscience twice ayear at MIT. After awhile,
he began to realize that the field of artificial intelligence had few, if any, organizing principles. It was a
loose hodgepodge of interesting but disjointed tidbits of knowledge. Hopfield began to ask himself if
there are any fundamental principles behind Al, asthere are in physics.

In solid-state physics, where the atoms are tightly bound in alattice structure, there are ssimple organizing
principles given by the quantum theory. Hopfield, for example, was studying the properties of spin
glasses, which are composed of arrays of spinning atoms. Hopfield asked himself whether the array of
atoms found in asolid are similar to the neurons in the brain. Can a neuron in the brain be treated like an
atomin alattice? This led to the publication of a celebrated 1982 paper, "Neural Networks and Physical
Systems with Emergent Collective Computational Abilities."

Thiswas atruly revolutionary idea, representing aleap of logic that caught both the world of Al and
guantum physics by surprise. Previously, the top-down school held that the "mind" was an incredibly
complicated program inserted into alarge computer. Hopfield was suggesting that intelligence might arise
from the quantum theory of mindless atoms, without any programs whatsoever!

"One of the side effects of Hopfield's work was that many theoretical physicists working on spin glasses
became overnight experts on the properties of neural nets. Some of them, like Hopfield, switched fields,"
noted physicist Heinz Pagels.

The idea, Hopfield pointed out in his pathbreaking paper, is not as preposterous as it sounds. Each atom
inasolid is spinning and can, for example, exist in afew discrete states, such as spin up or down.
Similarly, the neuron also existsin discrete states: it can fire or not fire. In a quantum solid, thereisa
universal principle that determines which state the system prefersi.e., the atoms arrange themselves so
that the energy is minimized. Hopfield's idea boiled down to this: like the quantum solid which minimizes
its energy, a neural network circuit must also minimize its "energy."

This was Hopfield's breakthrough. Before Hopfield, there was no unifying principle which allowed one to
understand neural networks. Hopfield, using the broad principles of the quantum theory, found the
unifying principle behind the neural network: all the neurons in the brain would fire in such away asto
minimize the "energy" of the net. "Learning" is the process of finding the lowest energy.
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As Brown University's JJm Anderson says: "We always knew that neural nets worked, but Hopfield
showed why they work. That was really important, because it gave us legitimacy."

Asaresult, an entirely new world of research opened up, and physicists became part of a new vanguard
of neural network research. Like British mathematician Alan Turing, who captured the mathematical
essence of the universal computing machine, Hopfield had discovered one of the universal laws behind
neural nets. Thisin turn helped to lead to the current revival in neural network theory.

The essential idea behind Hopfield's breakthrough is easy to visualize. Consider aball rolling down a
hilly terrain, full of rifts, valleys, and mountains. The ball, of course, will spiral down into one of the
valleys. The ball, in other words, seeks the state of the lowest gravitational energy (avalley). Now
imagine that the hilly terrain represents all the possible states of the neurons in abrain. Each point in the
terrain represents a certain setting of the weights of the neural net. (The terrain exists in N-dimensional
space.) Each time the ball rolls, the weights of the neural net change, such that the ball rolls toward a state
of minimum energy. A rolling ball is therefore a metaphor for the complex process of learning. Although
the mathematics of a neural network can be fiendishly difficult, Hopfield showed that the essential
mathematical picture was no more difficult than aball rolling down a hill!

Hopfield went on to find that his neural nets exhibited unexpected behavior which mimicked actual brain
functions. He found, for example, that even after the removal of many neurons, the neural network
behaved pretty much the same; the geometry of the valleys did not change. In other words, the valleys
corresponded to "memories." Like actual memoriesin the brain, which can persist even after the loss of
millions of brain cells, these valleys within the neural net were quite stable even after being partly
destroyed. These valleys or memories, instead of being localized in one place in the brain, were spread
out over the entire system.

Another by-product of this model was that it gave an interpretation for obsessions. Sometimes, if you
weren't careful in preparing aneural net, a particular valley might become so large that it ate up all the
neighboring valleys. Then the ball would inevitably fall into this gaping hole. This may be just what
happensin the case of an obsession.

But the strangest by-product of this simple but seminal idea was totally unexpected. He found that his
neural nets began to dream!
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What are Dreams?

What causes dreams? Mystics once thought they were omens foretelling future events. To Sigmund
Freud, dreams were awindow to the unconscious mind, representing fragments of repressed desires.
Through dreams, Freud thought, he could probe the hidden recesses of the libido and theid.

Today, there are as many theories about dreaming as there are schools of psychology. Not one of them,
however, can produce convincing empirical evidence in itsfavor.

Psychologists have found that dreams are essential to our emotional well-being; if we are interrupted each
time we begin to dream, we become increasingly irrational and unstable, even if we are allowed to Sleep
for hours. (We can interrupt a sleeping individual precisely as he or she enters a dream state by
monitoring the eyes and brain for REMrapid eye movementand a pha waves on an electroencephal ogram.
In thisway, we have determined that certain mammals probably dream as well.)

To Hopfield, dreams are fluctuating energy states in a quantum mechanical system. Hopfield discovered
that his neural networks reproduced many of the properties of dreams identified long ago by
psychologists, who found that we need to sleep and dream after a series of exhausting experiences. He
found that if hefilled a neural net with too many memories (i.e., valleys), then the system began to
malfunction from overloadi.e., the amount of time it took to access different memories began to become
increasingly unequal. It began to malfunction in recalling previously learned memories. In fact, unwanted
ripples began to form on the surface of the terrain that did not correspond to any real memories at all.
These ripples are called " spurious memories’ and correspond to dreams. Unlike real valleys, they do not
represent real events, but are composed of fragments of existing memories.

In order to eliminate these spurious memories, he would add a small disturbance to the system, abruptly
changing the terrain (so the ball would be thrown out of avalley and would roll once again). The system
was then alowed to settle down again into a state of deep energy minimization. Hopfield says this
corresponds to sleep.

After several episodes of dreaming and sleeping, the system "awakened" refreshedi.e., it stopped
malfunctioning and could recall al its memories at the same rate.

If Hopfield isright, then perhaps all highly developed neural nets, mechanical or organic, must dreamin
order to process their memories. Whenever a neural net is overloaded, it necessarily beginsto act abnor-
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mally, creating memories that are not reali.e., dreams consisting of random fragments of real memories.
The system sleeps to cleanse itself of these fake ripples or dreams.

Hopfield thinks that these spurious memories may be intimately tied to the creative process of the brain.
He notes, "If you want to have a new behavior, what you'd call originality, thisis away to generateit.”

Y et another quantum physicist who has jumped onto the neural network bandwagon is Nobel Laureate
Leon Cooper of Brown University, who is the founder of Nestor, Inc., a Rhode Island business that
markets neural network devices. Cooper points out that the usual rule-based topdown approach is too
clumsy for performing tasks like recognizing handwritten numbers on credit card receipts. "It's not that
you couldn't build it. But it would be like building a car that runs on four feetit just wouldn't make sense,"”
he claims.

One of the first commercia applications of neural network theory is a bomb detector for airlines that can
seek out certain chemicals, like plastic explosives, which are usually invisible to X-rays. Luggageis first
flooded with neutron radiation, which is absorbed by the explosive. When the explosive then emits a
distinctive gammaray, the neural network machine can recognize that pattern and sound an alarm.

In contrast to the traditional top-down computers, you do not program these machines. "Y ou train the
system rather than program it,” sums up Barbara Y oon, program manager for artificial neural network
technology at the Defense Advanced Research Projects Agency.

Other promising applications being analyzed for future commercial use include:

identifying handwriting

spotting fraudulent credit card charges by knowing your spending habits

recognizing patterns appearing on sonar and radar screens

analyzing mortgage risks

identifying patternsin blood cells (already being used to authenticate the pedigrees of horses)

Neural nets are also giving us a new way to attack the stubborn problem of pattern recognition, which is
necessary for vision. The current strategy of the bottom-up approach uses simple nature-based models,
such as modeling the eye of animals. Instead of tediously comparing the millions of dots contained in a
picture with every picture stored in its memory bank, an animal sees by focusing on simpler cues, such as
motion, edges, colors, shading, etc.

Frog eyes, for example, are especially keen for detecting abrupt motion,
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such asthat of afly. It's said that you can capture afrog by standing motionless directly in front of it and
then slowly moving your hand toward it, thereby evading the motion-detecting sensors of the frog's brain.
What is remarkable about the frog's eye is that the retina alone has the ability to recognize moving
objects. The cellsin the frog retina have a built-in "bug detector.”

Caltech's Carver Mead has scored some impressive successes modeling the frog's retinawith "silicon
retina," aneural net with photoreceptors that can detect motion, just like frogs. Mead was, in fact, the first
person to put a Hopfield neural net on a silicon chip. Using transistors and standard chip-making devices,
he crafted a 22 neuron chip that demonstrated Hopfield'sideas. "You just put alensonit,” he says, "and it
will 'see.’ It can compute how objects are moving. Of course, that's only one of the things your real retina
does, but it is an important thing. And it's one of the things you can't do with conventional computer
vision systems. You just can't do it! There are people putting supercomputers behind television cameras to
try to do stuff like thislittle chip does, and it doesn't work. That's why | did the motion firstit's something
they [in the topdown approach] can't come close to."

Another achievement is the duplication of the pattern recognition of abee's brain. Although its brain
contains only amillion neurons (about 100,000 times smaller than the human brain), it still can perform
operations about athousand times faster than most of today's computers. Biol ogists have determined that
the bee's brain cells, called VUMmXx1, have connections which can be stimulated when the bee
encounters sugar or aromas. After foraging among flowering plants, the bee isleft with amemory linking
the scent of aflower with the reward: nectar. In this way, the bee learns how to determine which flowers
yield the most rewards. Terry Sginowski was able to successfully create a neural network which carried
out the same function as the bee's brain. In fact, he found that in a bed of flowers the preferences of his
artificial bee were identical to those of real bees.

Cog

Rodney Brooks of MIT, whom we encountered earlier in this chapter with hisinsectoid robot Attila, has
begun to build hisfirst humanoid machine, an android called Cog, arobot that actually looks a bit like a
human.

At first sight, Cog resembles some of the androids appearing in science fiction movies, such asthe
murderous robot played by Arnold Schwarzenegger in The Terminator (after its outer skin is burned off
near
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the end of the movie). Without its skin, one can see al of Cog's delicate mechanical parts. It has
miniature motors instead of muscles, metal bars instead of bones, and video camerasinstead of eyes. It
has one long arm with alarge pincers at the end by means of which it can interact with its environment.

About four feet tall, Cog has no feet. "It's a paraplegic,” Brooks admits. Although it lackslegs, it can
execute most of the physical motions of the human trunk, head, and arms.

When you turn Cog on in the morning, it moves its head and arm around, asif it were yawning. (Actually,
it ismerely locating the position of its head and arms.)

The"brain" behind Cog is a collection of eight 32-bit 16MHz Motorola 68332 microprocessors modified
to form aneural net, patterned after the way the neurons in our own brain are wired. Ultimately, Cog will
have considerable brainpower when his circuits are augmented to include 239 microprocessors. Because

it isnot a Turing machine in the usual sense, Cog is not programmed. Like all bottom-up machines, Cog

leans the way a child learns.

Newborn babies, for example, are such atabularasathat only by biting and bumping into things do they
finally realize that their limbs are actually connected to their body. By flailing about, babies slowly begin
to be aware of the three-dimensional world that liesin front of them. Then, later, once the babies
understand the objects in the surrounding world, they learn through interactions with humans.

Similarly, in thefirst phase, Cog istrained to grasp objects, which is one of the first responses of a baby.
By tedious trial and error, Cog learns to move its arms until it can reach out and touch objects.
Eventually, it learns how to grasp and hold on to them. In thisway, it developsits own "world map,"
rather than having it programmed in from the start.

Cog interacts with a human in the same way that a baby |ea from its mother. Thus Cog has to be taught to
recognize a human. Cog also has to learn to make eye contact. (In fact, Cog's eyes were designed so that
humans can easily make eye contact with Cog.) Via eye contact, the "mother” can teach Cog increasingly
difficult tasks. For example, Cog will eventually learn by "taking turns.” After the mother performs a
task, she will make eye contact with Cog, so Cog will know that it's histurn. After Cog performs the act,
Cog will make eye contact with the mother. This exchange of eye contact will then be repeated, until Cog
learns the task. So far, Cog is till at the experimental stage. It does not even have the capability of atwo-
year-old.

Conceptually, Cog is the exact opposite of Douglas Lenat's Cyc. While
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Cog, the android, learns the way a baby does. Instead of having
information fed into its brain, it learns by interacting with its
environment and its "mother.” (0 Sam Ogden/Boston)

Cog isthe ultimate in bottom-up androids, Cyc is the ultimate in topdown preprogrammed common-sense
machines. (Thereis also some friendly rivalry between these two diametrically opposite approaches.
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Brooks even toyed with the idea of calling his android Psych! [pronounced the same as Cyc] just to get
Lenat's goat.)

Itislikely that androids such as Cog and top-down common-sense programs such as Cyc will be
primarily experimental in nature until sometime in the middle of the twenty-first century. Ultimately,
there will be amerger of the top-down and bottom-up schools, perhaps within forty years, before we
arrive at a genuine free-thinking robot.

This process, according to Hans Moravec, may take place in stages.

From 2020 to 2030, robots will excel at imageryi.e., being able to simulate atask in its head before
carrying it out. These robots will be able to model the world and anticipate the consequences of their
actions. For example, before cooking a meal or crossing the street, arobot will be able to simulate the
future possibilities many times in its head before acting. To accomplish thisimagery, the robot must
combine the strengths of the bottom-up approach, which is good at interacting with the real world, with
the top-down school, which is good at creating abstract models of the world. By this time, robots should
have the intelligence of a monkey.

From 2030 to 2040, atrue synthesis may occur, the culmination of both schools. Robots with true
reasoning capabilities may well be achieved by this time, according to Moravec. Given the astronomical
rate at which computer power increases, the top-down school should be able to create robots which far
surpass human reasoning abilities. The final unification will come when scientists can combine this
superhuman reasoning capability with the ability to navigate and function in areal or a simulated world.
By finally merging these two powerful functions, Moravec believes, "the combination will create a being
that in some ways resembles us, but in othersis like nothing the world has seen before.”

Can Robots Fegl?

It is reasonable to assume that by 2050 we may have robots that can interface intelligently with humans,
machines with primitive emotions, speech recognition, and common sense. In other words, we will be
ableto talk to them and have relatively interesting conversations. In order to function in modern society,
robots will necessarily have emotions and a certain amount of common sense, if only because humans
will find it easier to interact with them; this may increase "bonding” with arobot.

At the very least, however, robots must be able to understand and cope with the emotions of their bosses
and clients. Mechanical butlers must be able to screen pesky visitors and annoying clients for the owner
and politely refuse their requests, or make up white lies; mechanical secretaries must be able to spot
which appointments are critical and which are not;
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mechanical servants must be able to determine when their masters are acting irrationally or overreacting
to asituation. Not only will robots have to anticipate the idiosyncrasies of their masters; they will also
have to make value judgments as to what is best for them.

This, of course, fliesin the face of the typical stereotype of the robot in Hollywood movies, robots with
flat, monotone voices, incapable of feeling the joy of first love, the beauty of a blazing sunset, or the
wonder upon gazing at the infinite heavens. Some people say that robots are, after all, clumps of wires
and steel. It is emotions which distinguish us from creations of metal. That iswhy the Tin Man always
wanted a heart.

From the point of view of Al, however, while it is difficult to reproduce emotions in arobot, it is not
impossible to do so. One purpose of our emotions, from the evolutionary point of view, isto increase our
chances of survival by preparing us for action. This was done viafocusing certain forms of behavior and
by censoring.

A "focuser," for example, is an emotion such as"like." When we say, "l like apples,” this narrows the
infinite universe of possibilities down to afew choices. It focuses our attention on afew desirable
alternatives which increase our chances of survival. Not surprisingly, humans usually "like" a small
handful of things which are good for them and enhance their survivability. As Minsky has said: "Liking's
job is shutting off aternatives, we ought to understand its role since, unconstrained, it narrows down our
universe." "Love" is an even more powerful focuser, sinceit isimportant in forming pair bonds between
humans, which likely increased our reproductive success.

Moravec envisions providing arobot with the capacity to "love" its master, which would increase its
commercia success and acceptability by the owner. He says that "when you bring one into your house, it
will understand that you're the person it's there for, and that it had better keep you happy.. . .. It will care
how you feel about its actions. It will try to please you in an apparently selfless manner because it will get
athrill out of this positive reinforcement. Y ou can interpret that as a kind of love."

"Jealousy" is another human focuser because it directs our attention to potential rivals for our mates.
"Anger" is valuable because it warns others of our kind that we really do not "like" something.

"Fear" is afocuser which channels our behavior in a specified (and beneficial) direction. A robot can be
programmed to experience "fear" as soon as its batteries begin to run low and there is no power sourcein
sight. Moravec says, "It can't let its batteries run down to nothing. . . it would express agitation, or even
panic, with signals that humans can recognize. It would go to the neighbors and ask them to use their plug,
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saying, 'Please! Please! | need this! It's so important, it's such a small cost! We'll reimburse you!" ™

"Laughter" isan entirely different type of emotional reaction which is evolutionarily desirable. Instead of
focusing our attention on afew alternatives, laughter acts as a"censor," defining the limits of acceptable
behavior, helping to rule out dangerous or forbidden acts. Certain dirty jokes are funny because the punch
line surprises us with forbidden outcomes. Laughter is the mechanism which triesto integrate these new,
forbidden outcomes into the body of known "censored" forms of behavior. Sex, for example, isvitally
important for the survival of the species. Y et because society has devel oped so many constraints and
taboos to control and regulate volatile sexual emotions, there are a great many censored forms of sexual
activity that have to be learned by everyone over many years. That's why naive teenagers are among the
most avid listeners to dirty jokes.

Once the forbidden form of behavior isincorporated into our body of censored activities, we are no
longer surprised by the message of the joke. That'swhy ajoke is no longer funny the second time around.

Even "fun" has an important evolutionary role. Anyone who has ever watched children play has noticed
that their games imitate complex adult social interactions. Adult society's rules of acceptable behavior are
guite complex, developed over millennia; games capsulize one tiny facet of human society and make it
digestible to children. That's why they play "cops and robbers," "doctor," "teacher," and so on.

We are, of course, unconscious of al this. | once asked a child why she was having "fun” playing a game
of "teacher,” suggesting that perhaps it helped to explain the complicated process of learning at school.
She stared at me, asif | was from Mars, and replied authoritatively, "Fun is fun. I'm having fun because
it'sfun.” She looked pleased with herself, asif she had just given me the definitive explanation of fun.

To program arobot to have emotions is difficult, but not impossible. How can it be done? Scientists
might assign "weights" or numbersto certain behaviors. When faced with danger, the robot must assign a
negative number to the situation and, as aresult, avoid it. When faced with a pleasant alternative (e.g.,
ample sources of power), the robot would assign a positive number and thus pursue it. Then the response
must be programmed in (asit is for humans): facial muscles contract for laughter, legs move for flight,
arms flex for fight, eyebrows rise for surprise or lower for anger.

Anthropologists, studying the possible emotional states of primates, have discovered that they too use
complex gestures, facial expressions, and hand motions to convey their feelings. For example, | once
visited a
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science museum that had a very sophisticated model of the head of agorillaused in arecent Hollywood
movie. By twisting certain levers, | could move specific facial muscles, which would evoke unmistakable
facial expressions corresponding to surprise, anger, or happiness. As| moved the levers, the gorilla head
sprang to life, asif it were aliving, breathing creature expressing genuine feelings. The children who
were gathering around squealed and roared with delight as | made the gorillalaugh, giggle, and look
goofy. Then | suddenly made the gorillalook murderous with rage, with its teeth bared, eyes narrowed,
and nostrils flared; the children all instinctively screamed and fled in terror.

| was shocked that it was so easy to evoke realistic emotions from a piece of synthetic rubber, plastic, and
wiresthat just the slightest movement of afew facial muscles could generate terror in others.

We have limited control over our emotions because evolution has hardwired them deep into our brain's
limbic system; we respond to emotions viscerally and unconsciously, without thinking. Language may be
only afew hundred thousand years old, but body language, especially facial expressions, go back before
the dawn of the apes. Facial expressions were one of the dominant modes of communication millions of
years before our vocal cords could express language. Creating facial expressionsthe outward
manifestation of emotionsin robots will not be very difficult. One may still argue that robots with
sophisticated facial expressions do not really "feel” or "understand” the emotion they are exhibiting. Their
emotions are hollow. So can robots be "aware" of their own being

Beyond 2050: Robot Consciousness

By 2050, we expect Al systems to have a modest range of emotions. Intelligent systems will then be truly
ubiquitous, animating many of the objects around us and even sharing some of our feelings. By then, the
Internet will have evolved into atrue Magic Mirror, not only capable of accessing the entire database of
human knowledge, but also capable of gossiping or joking with us. (Some Al experts have written that
this may inadvertently create a resurgence of interest in magic and superstition. To many, aworld
populated by intelligent systems may seem, asin medieval times, to be animated by mysterious spirits.)

But the questions arise: Are they "aware" of what they are? Can they set their own goals and plans? Are
they "conscious'? Such predictions are, of course, quite controversial, since up to now no one has even
given acompelling definition of what consciousnessis. Indeed, it seems asif everyone has their own
definition of consciousness.

Christian theol ogians have sometimes defined the "soul" as something
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independent of the material world which even exists after death. Christian theology, with its elaborate
rewards and punishments for sin and promises of an afterlife, is predicated on separating the flesh from
the spirit.

Eastern philosophers have raised the "mind" to a state of spiritual awareness. Here, for example, isthe
fable of three Zen monks viewing aflying banner above atemple.

The first monk says, "The banner is moving."
The second monk says, "No, it is the wind which is moving."
Finally, the third monk says, "It is the mind which is moving."

Eastern religions, in other words, do not seek to separate the body from the mind, but to raise the
harmony and unity of the two, to achieve a higher state of consciousness within the material world.

But many of the scientists who have dedicated their lives to building machines that think feel it'sonly a
matter of time before some form of consciousnessis captured in the laboratory.

To the scientists in the Al community, it is an article of faith that thinking machines already exist, and
they are called "human beings." Some of them believe that neural networks have already produced
consciousness, and they point out the human brain as their prime example. Most people who work with
neural networks believe that consciousnessis an "emergent” phenomenoni.e., it happens naturally when a
system becomes complex enough. In other words, the whole is no longer just the sum of its parts. But to
say that consciousness is something that springs out of complexity begs the question. Even the most
ardent advocates of this emergent theory admit that the theory says everything and says nothingit's such a
sweeping, grandiose concept that it's of little use in guidi ng specific new areas of research, generating
new ideas, or creating new avenues of investigation. This "emergent" theory of consciousnessis more a
matter of faith than a strategy for success.

And then there are scientists who claim that the question of consciousness has already been solved.
Philosopher Daniel Dennet of Tufts University, in fact, wrote a book with the (perhaps premature) title
Consciousness Explained.

To Herbert Simon, who won a Nobel Prize in economics but is also an expert on artificial intelligence,
thinking is little more than the rules that computer programmers place into their robots. "Is human
thinking just heuristics?' asks Simon. "I'd say yes, it is."

To Marvin Minsky, the mystery of consciousnessis "trivial," because he feels he's solved it. In his book

The Society of Mind, he argues that the mind is built up from interactions among many smaller parts, each
mind-
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less by itself. In this framework, there isno "seat of consciousness' as was once thought. Thereis no
"little man" hidden in the brain somewhere in which all conscious activity takes place. Consciousness
simply arises out of the complex interactions of many nonconscious systems. Minsky adds, "Freud had
the best theories so far, next to mine." But he admits, "Asfar as| know, nobody read the book."

PET scans of the living brain seem to bear Minsky out. By tracing the flickering flashes of light within
the brain, corresponding to the consumption of glucose and the release of energy, scientists have seen that
consciousness is an ephemeral thing, spread out over many structures within the brain. Consciousness
seems more and more like a dance between different competing parts of the brain, but without a master
conductor orchestrating the whole process. With all these thoughts and sensations rippling past our brain,
we are only left with theillusion that thereis a"place" where our soul and consciousness resides.

Others believe that various parts of the brain ssmultaneously generate different "thoughts* which compete
with each other for the brain's attention. Only one thought then "wins' in this competition. Consciousness,
in this sense, is not continuous, but just the succession of thoughts that win this contest.

At the other extreme, there are some philosophers who claim that robots will never become conscious.
Some of them, such as Colin McGinn of Rutgers University, are dubbed the New Mysterians, who argue
that consciousness will never be explained. McGinn claimsthisfeat "is like slugs trying to do Freudian
psychoanalysis. They just don't have the conceptual equipment.” Roger Penrose, the noted Oxford
relativist, uses philosophical arguments taken from the quantum theory to bolster his argument against the
possibility of creating consciousness in machines.

The problem with these criticisms is that trying to prove that machines can never become conscious is
like trying to prove the nonexistence of unicorns. It can never be done to everyone's satisfaction or rigor.
Even if one could show that unicorns, for example, do not exist in most parts of the world, there is always
the possibility of finding one in unexpected or unexplored areas. Therefore, to say that thinking machines
can never be built has, to me, no scientific content.

Ultimately, whether machines can think can only be resolved when someone builds a thinking machine.
Until then, the question is undecidable.

This dilemmawas exemplified recently when the Dalai Lama met with scientists at the New Y ork

Academy of Sciencesto explore the link between science and religion. He was asked if he was familiar
with work on
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artificial intelligence. When he said he was, he was asked if an artificial being was a reincarnated being.

Realizing he had been tricked, the Dalai Lama roared with laughter. He then said, "There, there! When
you have such a machine and put it there before me, then we will have this discussion again!™

Physicist Heinz Pagels recalled, "In other words, it was put up or shut up. | was secretly pleased,
however, that he shared my view of strict constructivismyou have got to design and build, not just talk
about your philosophical fantasies." In other words, the only way to settle the question is to build one.

Many critics of Al, like John Searle, concede that robots may one day successfully simulate thinking but
they will still be unaware of what they are thinking. They may exhibit emotions, but really do not "feel"
them, in the same way that a CD of Bill Cosby telling ajoke will not understand what was so funny. To
Searle, robots cannot be conscious, just as simulated thunderstorms can never make anyone wet.

But as Turing stressed decades ago, it is possible to give a perfectly reasonable operational definition of
intelligence without opening the Turing box. By analogy, if arobot performsin away whichis
indistinguishable from that of a conscious being, then, for al intents and purposes, it is conscious. What
is actually happening inside the robot's brain is, to a large degree, irrelevant.

There are probably many degrees of consciousness. In the coming decades, Al scientists will almost
certainly, slowly and inexorably, be able to create increasingly sophisticated versions of "conscious"
machines. These levels of consciousness will probably be devel oped in much the same way that evolution
produced sentient beings on earth over billions of years. Although there are major gaps in the animal
kingdom, there is probably arough continuum of consciousness, starting with even simple one-celled
organisms that later evolved into increasingly more complex ones, including humans. Since humans
evolved from less complex forms, it seems reasonable to conclude that there are many levels of

CONSCi OUSNESS.

Contrary to science fiction stories where a robot suddenly "wakes up" and becomes conscious, in reality
scientists will probably create robots over the coming decades which have increasing levels of
CONSCi OUSNESS.

Degrees of Consciousness

The lowest level of consciousnessis the ability of an organism to monitor its body and its environment.
By this definition, even alowly thermostat has some "consciousness' since it monitors the surrounding
temperature. Computers that perform self-diagnostics and that print error messages

< previous page page 96 next page >



< previous page page 97 next page >
Page 97

also fall into this category. Higher up on this same level of consciousness are plants. Even without
nervous systems, they have to be aware of numerous shifts in the environment and react to them in
sophisticated ways. Machines with vision are on this scale, since they are programmed to recognize
various patternsin their immediate environment. Animals at rest function at this level of consciousness.
Even relaxing, animals are constantly scanning the environment and identifying patterns for danger, food,
mates, etc.

At the second level isthe ability to carry out well-defined goals, like survival and reproduction. The
future Mars probes scheduled into the next century fall into this category, since they will be mobile and
able to scout out unknown terrain, detect danger, seek out interesting formations, all without human
commands.

Higher up on this second level lies the entire animal kingdom. Once primary goals (e.g., finding food and
mates) are fixed or preprogrammed into the animal brain, they determine the complex plans that the
animal must carry out in order to fulfill them. For foxes, it means planning how to hunt and capture
rabbits. For rabbits, it means planning how to avoid foxes. These animals have only alimited
understanding or awareness of what they are doing when they hunt or flee. Most of their behavior is hard-
wired into their brain.

(Remember, thislevel of consciousnessis probably the dominant one for most human activity. Most of us
do not spend inordinate amounts of time asking philosophical questions about self-awareness and
pondering the paradoxes of the meaning of existence. Although we are reluctant to admit it, we spend
most of our time thinking about survival and reproduction, much like the animals. And when we are not
thinking about survival and reproduction, we are usually thinking about entertainment and fun. So we
shouldn't get carried away about the esoteric and mythical nature of human consciousness.)

The more sophisticated the goal and subsequently the plans necessary to carry them out, the higher the
level of consciousness. In other words, there may be thousands of subcategories of consciousness within
this broad level, depending on the complexity of the plans that the robot can generate to pursue awell-
defined goal.

Predators, such as foxes, for example, are probably more "intelligent” than prey. Foxes have to devise
complex hunting strategies to capture rabbits; they have to learn how to hunt with stealth, how to stalk,
how to ambush, how to deceive, and they also have to learn the behavior of rabbits. Foxes therefore
probably have more developed cognitive skills than rabbits, whose main strategy isto flee. It may take
until the middle part of the next century before we have robots that possess the level of
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consciousness consistent with, say, dogs, who can devise sophisticated strategies for hunting.

The third and highest level of consciousness is the ability to set one's own goals, whatever they may be.
Robots able to function at this level are "self-aware." Some scientists believe that we will have a class of
robots which can set their own goals, rather than having their goals predetermined, sometime after the
year 2050.

But such ability raises other questions: What happens when the goals of our machines and our own goals
do not match? What happens when they are superior to usintellectually and physically? These are rather
delicate questions that | will address in Chapter 6.

Although pattern recognition and common sense are beyond the capabilities of present-day computers, we
can now see the vague outlines of a solution emerging from two fronts: the ever-increasing power of
neural nets and conventional computers. A combination of the top-down and bottom-up approaches may
one day crack these problems.

Within the next forty years or so, the top-down and bottom-up approaches will likely meet somewhere in
the middle, giving us the best of both worlds, a machine that can learn by bumping into its environment
and also possesses the expert knowledge of a professional engineer, chemist, doctor, or lawyer. And
sometime after 2050, we will likely enter the fifth phase of computing, when we see the arrival of
automatons which are conscious and self-aware.

The potential stumbling block to this dream is the wall that computer chip makerswill hit asthey reach
the physical limits of silicon technology. Before we can begin to rival the computer power and memory of
the human brain, scientists will have to discover a new architecture for computers. It is a search that has
physicists, computer scientists, and engineers scrambling for solutions.
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5
Beyond Silicon Cyborgs and the Ultimate Computer

"All things must pass."
GEORGE HARRISON

Alexander The Great conquered most of the known world by the time he was twenty-five, organizing a
group of isolated Greek settlements and, through fierce military campaigns, carved out an empire. Before
his greatest battle, he visited the famed oracle of Amon, which foretold that he would become aworld
congueror and attain the power of agod. He died, however, at the age of thirty-three and his empire did
not long survive him, falling apart as his generals bickered among themselves.

The microchip conquered the information age in twenty-five years, compressing the power of mainframe
computers and enabling that processing power to be placed on everyone's desk. In afew decades, it would
become the new engine driving business, industry, science and technology, spawning a lucrative $150
billion semiconductor industry, with 170 million microprocessors stamped out every year.

The question on the minds of physicists and engineers is whether the computer empire created by the
microchip will surviveits demise. Like the spectacular but short-lived empire of Alexander the Grest, the
microchip industry could eventually collapse, reduced to bickering among competing designs vying to
propel computer processing power forward.

Theiron laws of quantum physics are clear: the principle of Moore's law, which, like an oracle, has
successfully predicted the growth of microprocessing power, cannot last much longer. Like Alexander, the
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microchip too shall pass. And relatively quickly. This realization sends a shudder through most computer
scientists, some of whom have amassed fabulous fortunes riding the coattails of the microchip.

Aswe saw in Chapter 2, physicists will soon be pushing the famous "point one" barrier: silicon
components cannot be shrunk much below .1 micron in size. Once we reach that scientific limit, entirely
new technologies must be introduced to etch ever tinier transistors onto silicon wafers. Components on a
microchip will have to be made as small as the coil of a DNA molecule. Sooner or later, the elements of
the microchip will become so small that they will reach the size of molecules, where the bizarre laws of
guantum physics prevail.

Furthermore, the speed of electricity will be too slow for the computers of the next century.
Supercomputers, like the Cray T90, can aready perform calculations at the rate of 60 billion calculations
per second (60 gigaFL OP per second). In the previous chapter, | mentioned that in 1996 the Department
of Energy awarded a $93 million contract to IBM to build the world's fastest supercomputer by 1998,
capable of 3 trillion calculations per second (3 terraFL OP per second, with 2.5 trillion bytes of memory).
In comparison, it is believed that our brain routinely calculates at 10 terraFL OP speeds or faster, which
will be surpassed early in the next century by supercomputers. But this may be getting close to the
ultimate limit for ultrafast computers. In atrillionth of a second, electric signals can travel only atiny
fraction of amillimeter, which is too short to reach other components of the computer.

We are able to make rational predictions about the evolution of computer science and technologies
through the year 2020 on the basis of Moore's law. In this chapter, | will look at the world beyond 2020,
when an entirely new architecture will be required. Some visionaries have written about optical
computers, which compute on dancing beams of laser light, and molecular computers, which perform
calculations on the atoms themselves. Remarkably, DNA computers have already been built which can
solve problems in mathematics faster than supercomputers. Other visionaries talk of the "quantum
computer,” perhaps the ultimate computing machine.

Still others dream of the distant day when cyborgs will walk the earth, the ultimate merger of humans
with their electronic creation. Marvin Minsky of MIT even believes that cyborgs may represent the next
stage in human evolution! Then we would achieve true immortality, replacing flesh with steel and silicon.

This debate between competing designsis not an academic one. The future of a multibillion-dollar
industry, the jobs of millions of people, the
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economic fate of entire nations, and the machines driving our future will ultimately depend on the answer.

Into the Third Dimension

Even by the year 2005, scientists will begin bumping up against the point one barrier. Given the
enormous stakes involved, a variety of incremental measures have been exploited to squeeze new life out
of the microchip.

Perhaps the simplest way to modify the microprocessor and extend its life is to stack microprocessors into
acube, etching layers of transistors on top of each other. Not only does such a chip have the advantage of
packing more transistors into atiny volume, but the distance electrons must travel is aso reduced.

But there are aso problems with replacing chips with cubes. Foremost is the enormous heat they
generate. In a supercomputer, the heat generated by the surface of a microchip can approach that of a hot
skillet, intense enough to melt the chip. Elaborate cooling systems are needed to remove the excess heat.

In a standard microchip, the heat dissipates through the surface. But by stacking microchips on top of
each other, the heat dissipation is reduced significantly, as there isless surface areafor cooling for agiven
number of transistors. (Thisis the famous surface-to-volume problem. If we double the size of a 3-D
microchip, the heat generated is proportional to the volume, which goes up by afactor of eight, but the
ability to cool the microchip is proportional to the surface area, which goes up only by afactor of four.
Thus, it istwice as hard to cool down a 3-D chip if we doubleits size.)

Heat is generated by these microchips as aresult of the electrical resistance of the components. In
supercomputers, this heating problem can be partially solved by cooling components with liquid nitrogen
or helium. But they are quite expensive and require elaborate cooling systems.

If the heat generated by cubical microprocessors becomes excessive, requiring the use of sophisticated
refrigeration systems, then the chips would likely be too clumsy for use in desktop and laptop computers
(unless scientists can perfect aroom temperature superconductor, as discussed in Chapter 13). Such
cubical microprocessors would be confined to supercomputers if heating problems became too severe.

In addition to 3-D "cubelets," here are afew other solutions that have been suggested to squeeze new life
out of silicon chip technology:

Replace silicon with gallium arsenide, which can make circuits up to ten times faster because its crystal
lattice structure impedes electrons less than silicon. Such a switch may give afew more yearsto the
microproces-
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sor. Others scientists have proposed using silicon-germanium to replace standard silicon technology.

Replace laser light beams (which are used to etch components onto silicon wafers) with X-rays, which
have smaller wavelengths. One problem is that X-rays are quite energetic. According to Planck's law, the
smaller the wavelength of a beam of light, the more energy is packed into that beam. But unlike laser
light, X-rays are very penetrating, difficult to work with, and cannot be easily focused. In other words, X-
rays can distort the silicon wafer they are supposed to etch. No commercial chip has yet been made with
X-rays.

Use electron beams to etch the silicon chip. But although electron beams can probe increasingly small
distances, afact which is exploited every day in electron microscopes in biology laboratories, they are
slow. While light beams can scan entire chipsin aflash of light, electron beams must draw each line
separately, a process that requires hours, making them uneconomical. Computer experts, however,
believe that some form of ingenious X-ray/electron beam technology will be developed around 2005,
squeezing new life out of silicon chips and extending their viability until about 2020. IBM, for example,
aready is experimenting with generating X-rays from an atom smasher (a synchrotron) at its facility in
New Y ork.

But as the wiresin silicon chips become thinner and thinner, at some point another problem surfaces.
With such tiny distances between wires, electrons can leak or "tunnel” across the wire barrier, ruining the
logic circuit. Thereisalimit to silicon technology that, due to the laws of physics, cannot be breached.

This sense of impending doom, although it is still years away, is aready creating anxiety among
computer experts. "l won't quote anybody, but | was in a meeting where people said that when we get out
of optics, we're out of the business,” says Karen H. Brown, director of lithography for Sematech, the U.S.
consortium for research and development.

Beyond 2020: Optical Computers

Imagine what New Y ork City or Los Angeleswould be like if cars could pass right through each other.
Traffic snarls, gridlocks, and pileups would disappear instantly. Rush-hour driving would become a
pleasure rather than a medieval torture. That is the potential of optical computers, in which light beams
may eventually crisscross each other in an optical cube carrying digital information.

Such optical messages would also be incredibly fast, traveling at the

< previous page page 102 next page >



< previous page page 103 next page >
Page 103

speed of light. And the fact that they generate less heat solves one of the persistent problems with cubical
microchips.

In 1990, the scientists at Bell Labs, where the original transistor was invented, created the first prototype
of an optical computer. It eliminated wires and transistorsin favor of lenses, mirrors, and laser beams.
The key to building the optical computer isto find the optical counterpart of the transistor, the heart of
any computer. The transistor is simply avalve which regulates the flow of electrons; the scientists at Bell
L abs created an optical transistor which regulates the flow of light. It works on the same signaling
principle used by navies around the world, sending pulses of light beams by rapidly covering and
uncovering a powerful lamp. The optical transistor is called the "S-Seed" (short for "symmetric self-
electro-optic effect™); it works on the simple property that light may or may not pass through afilter.
(When avoltage is applied to the S-Seed, the filter becomes transparent and the laser light passes through.
Thisisequivaent to 1 in binary code. But if another laser beam is directed at the switch, the S-Seed
becomes opaque and shuts off the main laser beam. Thisis equivalent to 0 in binary code. Thus, a binary
message of 1sand Os on alaser beam, consisting of short pulses of laser light, can be generated by
changing the voltage on the S-Seed.)

The original optical computer was embarrassingly crude. Whereas silicon microchips have millions of
transistors etched onto a silicon wafer the size of afingernail, the first optical computer had just 128
optical transistors on atabletop about three feet across. But one must remember that John Von Neumann's
original electronic computers filled up entire rooms with vacuum tubes.

"Thiswork is very significant, because eventually these devices will become the transistors of the twenty-
first century," says John Moussouris, a Silicon Valley designer.

The next step in optical computers will be to replace the cables entirely, so they pass freely across each
other in three dimensions, carrying millions to billions of instructions per second. And to store the
fabulous amounts of data that will be carried by light beams, scientists are contemplating exploiting the
power of the most dazzling display of laser light: the hologram.

Holographic Memory
Holograms are well known for creating remarkably realistic three-dimensional images. One day, TV

images in home living rooms may be holographic and three-dimensional. But a much more immediate
and important use of holograms may be to store vast amounts of computer data.
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A typical CD, for example, can store 640 million bytes of information (equivalent to about 300,000 pages
of double-spaced type). Multilevel CDs, which stack several CDs on top of each other, may reach tens of
billions of bytes before the year 2000, sufficient to store entire 35 mm motion pictures. But a holographic
memory system could store hundreds of billions of bytes of information. The reason has to do with the
fact that the wavelength of light is so small. When two beams of laser light are made to interfere with
each other, they create tiny whorlsin aweb of interference lines on photographic emulsion. Astonishing
amounts of information can be stored in these interference lines. In fact, the total information presently
stored in all the world's computers may one day be stored in a single holographic cube.

Optical computers with holographic memory would be an ideal successor to silicon: they are faster, more
powerful, easier to cool, and can store nearly unlimited amounts of information. But optical computers
have their disadvantages as well. The issue of miniaturization has to be solved before optical transistors
can be made competitive with silicon-based computers.

The key to reducing the size of the next generation of optical computers will be to create truly
microscopic lasers and S-Seeds, which can be packed by the millionsin atiny cubical volume. This
technology is not far away: the etching process used to carve transistors out of silicon can be used to
carve S-Seeds out of gallium arsenide, thereby achieving significantly faster switching speeds, as we will
see in Chapter 13. If etching technology can ultimately be adapted to create microscopic lasers, the
optical computer will be a strong candidate to replace the silicon microprocessor.

DNA Computers

One of the most original and unexpected discoveries in recent yearsis the DNA computer, which may
eventually outperform silicon computers on difficult mathematical problems. The DNA computer
represents the combined power of the biomolecular and computer revolutions. Leonard Adelman of the
University of Southern California has showed that even atiny test tube of DNA might be able to crack
problems that would choke a supercomputer.

DNA molecules are the ideal material for amolecular computer. They are efficient and compact, making
up only 0.3 percent of the volume of the nucleus of the cell. And DNA packs over a hundred trillion times
the information stored in current sophisticated computer devices. Ina DNA computer, an astronomical
number of DNA molecules stored in atypical
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test tube (about 1020 molecules) can all be performing cal culations simultaneously.

While silicon chip computers are very fast, they calculate one number at atime and generate lots of heat.
DNA computers, on the other hand, while slower, can calculate simultaneously on an astronomical
number of molecules, and are a billion times more energy-efficient.

An important point of similarity between silicon and DNA computersisthat they are both digitalthey are
both based on information. For computers, this information is encoded in binary code, a series of zeros
and ones, which may look like this:

0001110010101001001011110101001001

For DNA, the code is written with four symbols, A, T, C, and G, corresponding to the four nucleic acids
which make up DNA. To the naked eye, the DNA code for a human being, if written out, would consist
of 3 billion letters appearing as a continuous strand of nonsensical |etters:

ATTTCCCGAATCGGTCTGTGAGAGCGCGAAAAAA. ..

Because the DNA code is digital, the information can be manipulated much like a Turing machine. A
Turing machine takes an input code, consisting of a string of Os and 1s, such as 1011100101010000, and
performs four operations on it in order to produce an output. One can changealintoa0,a0intoal,
move backward or forward one step on the tape. All serial digital computers, no matter how fast or
complicated, can be reduced to a humble Turing machine.

Similarly, the DNA molecule consists of a series of four nucleic acids arranged like AACCGTTCCC.
One can convert thisto standard binary. For example, one can set ATTCG =1, TCGGA=0, GATTC = 1.
By using a series of complex chemical processes (i.e., using restriction enzymesto cut DNA and the
polymerase chain reaction to reproduce DNA sequences) one can duplicate, step for step, all operations of
a Turing machine. Starting with a sequence such as AACCGTTCCC, one can perform manipulations to
convert it to another DNA sequence. In thisway, a DNA Turing machine can be created. A pound of
DNA molecules (suspended in about 1,000 quarts of liquid, which would take up about a cubic yard)
could store more memory than all the computers ever made. It would have 100 trillion times the capacity
of the human brain. Furthermore, just an ounce of DNA could be 100,000 times faster than the nation's
fastest supercomputer.

"The floodgates have started to open,” says Richard Lipton of Princeton University. "l have never seen a
field move so fast.”
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Ronald Graham of AT& T Bell Laboratories saysthat it isasif adoor opened "to a whole new toy shop.”

DNA computers have already proven their worth. A DNA computer was constructed by Adelman which
solved a version of the famous Traveling Salesman problem (i.e., calculate the shortest path a salesman
must travel in order to connect N cities, such that he visits each city only once; this deceptively ssimple
problem becomes exceedingly difficult asthe value of N increases). The DNA computer solved one
version of this problem in one week; it would have taken a standard serial computer several years to solve.

One measure of computer power is the ability to break the DES (data encryption standard) code, which
was devised by the National Security Agency to safeguard government transactions and is also used by
big banks. Hundreds of billions of dollarsin corporate records are routinely sent through communication
linesviathe DES system.

Because a considerable amount of the nation's commerce and military operationsis based on the DES, the
government has long been curious to know whether the code can be cracked. The DES's sophisticated
code is based on a 56-bit number called a"key." (A key isthe set of logical instructions used to scramble
amessage.) Thetrick isto find the correct key among 256 possible keys. A standard computer would take
10,000 yearsto try each of these keys. The government once thought that this DES code would be secure
for the next 10,000 years. DNA computers, however, could change al this. Lipton thinks that it would
take aslittle as "a few months of biological computing” to crack the DES. Dan Boneh of Princeton
University agrees; he calculates it would take 907 biological stepsto crack the DES, roughly four months
of DNA computing time. (International finance will not be plunged into a catastrophic collapse when a
DNA computer breaks the DES code. Banks often run their most secret data through a second or even a
third DES.)

DNA computers, alas, have their own drawbacks. One isthat DNA molecules eventually decay. Asa
result, one cannot store vast amounts of data on DNA computers for long periods of time. One must
transfer the memory ultimately into standard computers.

Second, they are not exceptionally versatile. At present, each problem requires setting up a unique
sequence of chemical reactions. Doing another mathematical problem involves preparing an entirely new
sequence of chemical reactions. Silicon-based computers, by contrast, are all-purpose devices, the same
computer can solve millions of different problems without having to rewire the computer each time.

DNA computers are not likely to replace laptop computers or PCsthey are too bulky and just not versatile
enough. Silicon chip technology
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is much more useful for most everyday applications. However, DNA computers will become superior to
mainframe computers in the heavyduty number crunching when an organization needs sheer firepower to
crack a problem.

At present, most computer analysts believe that the DNA computer (and other organic computers, such as
protein computers) will be useful for solving specific classes of computer problems now solved by huge
mainframe supercomputers. But no matter how powerful these DNA computers become, they always pale
beside the ultimate transistor (the quantum transistor) and the ultimate computer (the quantum computer).
In fact, the smallest transistors and components are not molecules, but the electrons themselves.

Beyond 2020: Quantum Transistors

Eventually, all electronic circuits come up against the laws of quantum physics. One of the essential
postulates of the quantum theory is that matter can exhibit both wavelike and particlelike characteristics.
Electrons at low energies, for example, behave very much like awave, while high-energy electrons
behave like pointlike particles. Because of this dual nature, electrons exhibit bizarre wavelike properties
which are counterintuitive. While particles may be blocked by tall barriers, for example, waves can ooze
around them. (More precisely, the guantum theory says that the electron is a point particle, but the
probability of finding it is given by the square of the Schrédinger wave function. As the electron speeds
up, the wavelength of the Schrodinger wave gets smaller, so the probability of finding it peaks around a
point. As the electron slows down, the wavelength expands, and the probability of finding it smears out
over space. As aresult, we cannot precisely locate the position and velocity of the electron, whichis
encoded in the Helsenberg Uncertainty Principle.)

One of the deepest principles of the quantum theorythe Heisenberg Uncertainty Principlestates that there
isafinite probability that seemingly implausible events can happen. Imagine being trapped in a
maximum-security prison. Normally, hitting one's head against the massive brick wallswill only give one
a headache. However, thereis afinite probability the atoms of one's head will slip right through the atoms
of the brick wall, allowing one to escape the prison. (The probability of such an event is calculable and is
so small that the event will not occur within the lifetime of the universe, so the quantum theory is a not
practical way to break out of prisons.)

Similarly, electrons are trapped in a prison of their own, awire. Like the prisoner, they are constantly
butting against the walls of the wire, but
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thereisacrucia difference. Both the number of electrons and the number of times they hit against the
walls are truly astronomical. Therefore, there is a nonnegligible probability that some will tunnel through
the wire, especialy if the wire is exceedingly thin. In other words, because wires are beginning to
approach the scale of atomic distances, and because of the large number of electrons hitting the walls of
these wires, afraction of the electrons will leak through barriers, thereby making standard logic circuits
impossible.

Progress in guantum electronics is now advancing so rapidly that devices are now being manufactured
that were once considered impossible afew years ago, devices which manipulate single electrons, which
may make possible "quantum transistors." So far, scientists have been able to make a"quantum well," a
single electron sandwiched between two flat layers. A "guantum line" consists of asingle electron
confined to aline. And a"gquantum dot" consists of a single electron confined to one point in space
(usually about 20 nanometers across, about the size of five to ten atoms).

Inside these quantum devices, the single electron can vibrate at distinct frequencies, exhibiting the
wavelike property of "resonance.” When aviolin string vibrates, for example, only certain frequencies (e.
g., A, B, C, G, etc.) are dlowed to resonate. (When singing in the shower, even someone with atinny or
squeaky voice is ableto sing in avoice of operatic proportions because certain frequencies are amplified
and resonate between the two shower walls.)

Likewise, asingle electron trapped inside a quantum dot will resonate, just like aviolin string or your
voice in the shower. But certain allowed frequencies can vibrate inside the quantum dot. By changing the
voltage on the quantum dot slightly, one can make electrons flow through the dot. This corresponds to the
bit 1. If the voltage is raised a bit more, the resonance is destroyed and the current stops flowing. This
corresponds to the bit 0. But if the voltage rises again, you hit the next resonance, and current flows once
more. In thisway, a quantum dot is equivalent to several transistors. By controlling the voltage on the
quantum dot, you can create a series of binary messages.

In other words, the world's smallest transistor consists of a single electron trapped within adot little
bigger than an atom, which can mimic the action of not one but many transistors.

Such quantum transistors are no longer dreams of quantum physicists. They have actually been
constructed. But because they are so sensitive and difficult to work with, they exist only in the laboratory
stage. They will not hit the marketplace for years to come.

Gary Frazier of Texas Instruments says, "No oneis ready to provide
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the million-circuit quantum transistor yet, but the concepts are crystallizing.”

This, however, hasn't stopped scientists from specul ating about the next and final step: the "ultimate
computer,” the quantum computer.

The Ultimate Computer

Quantum computers differ from quantum transistors in that they are totally quantum mechanical devices.
While quantum transistors still use conventional wires and circuitry, the guantum computer will replace
al this with quantum waves.

One of the first to ponder the possibility of a quantum computer was Nobel Laureate Richard Feynman.
Inan articlein 1981, Feynman asked himself how small computers could become. When computers
reached the size of atoms, he reasoned, then they would respond to an entirely new set of laws totally
alien to ordinary experience. Feynman was frustrated that many of the fundamental problems of the
guantum theory could not be solved by ordinary Turing machines. Many of the objects found in quantum
physics require an infinite number of computations, and hence are beyond the capability of ordinary
computers. It would take an infinite amount of time on a computer to calculate the interesting questions in
guantum physics, such as what happensin aliquid asit beginsto boil or what happens when two
subatomic particles collide.

Feynman's solution was simple: why not use a quantum computer to solve a quantum problem? His ideas
were finally put into concrete form in a paper by David Deutch of Oxford University in 1985. Deutch
realized that quantum processes are like gigantic adding machines. The only differenceis that quantum
computers regularly handle infinite quantitiesin a blink of an eye. Quantum computers are an entirely
different animal from Turing machines. The essential point isthis: calculations which take an infinite
amount of time on a computer can be processed rapidly on a quantum computer.

To give an example: Imagine walking across Central Park in New Y ork City. In qguantum mechanics, to
calculate the probability of reaching the other side of the park, you must first add up the contribution of
all possible paths from one point to the next in Central Parkincluding the paths which take usto Mars,
Jupiter, even past the Andromeda galaxy to the quasars. When all these incredible journeysto the outer
reaches of the universe are added up, we obtain the probability that we will walk across Central Park. In
other words, the quantum theory is the most ridiculous theory ever proposed in the history of science,
flying in the face of all common sense and intuition. The quantum theory opens the
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door to all sortsof sticky paradoxes which defy all our notions about the universe. The quantum theory
has only one thing going for it: it is unquestionably correct. It has survived every experimental challenge
hurled at it.

Because the quantum theory sums over al paths between two points, including paths which take usto
distant stars, it follows that a quantum computer is one gigantic adding machine, adding an infinite
number of pathsin atwinkling of an eye.

In this respect, a quantum computer is not a Turing machineit is fundamentally different from aDNA or a
molecular computer (which can process an enormous but only finite amount of information using vast
numbers of molecules acting in parallel).

In 1994, there was a flurry of excitement when Peter Shor of AT& T Labs made a breakthrough in
guantum computing, showing that if a guantum computer could be built, it could rapidly factorize any
number, no matter how long. A quantum computer would have an immediate impact on the worlds of
commerce, banking, and espionage. Some of their secret transactions are based on the difficult problem of
factorizing a number which can have up to a hundred digits. Since computers factorize large numbers
mainly by trial and error, it would normally take decades to solve this problem. But a quantum computer,
Shor showed, can easily crack this difficult problem.

To put thisinto perspective, realize that it took eight months for 1,600 computers from around the world
wired up viathe Internet to factor a 129-digit number. It would take centuries for this armada of
computers to factor a 250-digit numberwritten out, the reasoning would take up 10500 lines of paper. To
get a sense of how big a number thisis, note that there are only 1080 atomsin the visible universe. In
other words, there are not enough atoms in the visible universe to allow usto write down the steps
necessary to factor a 250-digit number. Y et a quantum computer could perform even this monstrous
calculation.

Beyond 2050

In principle, a quantum computer would be a simple device. Normally, a Turing machine processes a
series of bits, given by 1 or O, written on atape. A quantum computer replaces this tape with a sequence
of atoms. Assume that the atomsin the array are spinning like tops, arranged such that the axis of spin can
point in either the "up" or the "down" direction. Scientists say that the atom can be in two states, either
spin "up” or spin "down." This gives us a convenient binary code: O=spin down, and 1=spin up. This
quantum bit is called a "qubit.”
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The heart of quantum computing liesin the qubits, which are quite different from bits. In a Turing
machine, abit iseither a1 or a0. Thereis no in-between. In a quantum computer, by contrast, the spin of
an atom is actually not well defined, but can actually exist as the sum of a spin up and spin down state.
Thus, aqubit is neither a1 nor a0, but a superposition of both simultaneoudly. (This bizarre feature, that
aqubit can exist simultaneously in this never-never land between 1 and 0, means that a quantum
computer can perform infinitely more complicated operations than a standard Turing machine.)

When a photon of light is shined on this array, the photon, as it bounces off the atoms, can flip the
orientation of a particular atom from spin up to spin down. Now measure the spin of the photon after it
has bounced off the array. In principle, the quantum theory has added up all possible paths that the photon
could traverse and all possible spin states. But the number of possible states of an array of 1,000 atomsis
21000 or roughly 1 with 300 zeros after it. Again, thisis much larger than the number of atomsin the
visible universe. Thus, a quantum computer can easily manipulate astronomical humbers which would
choke a standard Turing machine.

If quantum computers are infinitely more powerful than the largest supercomputers, and if they can crack
encryption codes worth hundreds of billions of dollars, why isn't there a crash program to build one?

The problem is that the slightest impurity or contamination from the outside world could disrupt a
guantum computer. The computer would have to be isolated from all possible interactions with the
outside world, an exceedingly difficult task. In principle, even a single cosmic ray piercing the quantum
computer could interfere with the infinite number of calculationsit performs. Space probes require "clean
rooms" so that even dust particles do not disrupt the delicate gyroscopes. Quantum computers, by
comparison, would have to be isolated from even stray subatomic particles.

Progressin this direction is slow, but it is accelerating. David Deutch adds: " Technological progressin
this area has absolutely amazed me in the last couple of years. When people asked me this question three
or four years ago, | used to say thisis a matter of centuries. Now, I'm much more optimistic.”

As Seth Lloyd of MIT has said: "It'sjust hard to string alot of atoms together. | mean, these things are
wickedly small. They're sensitive little buggers too. But people are getting to the point where they can
control these things. It's abig technological crapshoot. In the not so distant future, people might be able to
do full-blown quantum computation.”

Their optimism is based on key developmentsin two laboratories,

< previous page page 111 next page >



< previous page page 112 next page >
Page 112

which are building some of the components for a quantum computer. The work is being done by Jeff
Kimble at Caltech and David Wineland and Chris Monroe at the National Institute of Standards and
Technology in Boulder, Colorado. In the NIST experiment, they begin with a series of mercury atoms
aligned in arow. Each mercury atom is spinning up or down. As laser light is shined on the row, it can
flip amercury atom spinning down into one spinning up. In principle, the laser light which has bounced
off the line of mercury atoms has within it the information for al possible states of the array. The problem
isthat no one at present knows how to extract usable information from it.

It may be well into the middle of the next century before any substantial progress is made experimentally.
But the quantum computer continues to captivate the imagination of computer scientists. It represents, in
some sense, the ultimate frontier. Given the rapid advances being made in quantum computers, they may
become aredlity in the latter half of the twenty-first century.

However, there is another way to approach petaFL OP capability without having to use the bizarre
properties of the quantum theory. And that isto exploit a device which already comes close to petaFL OP
speeds. our own brain.

Bionics
Isit possible to interface directly with the brain, to harness its fantastic capability?

Scientists are proceeding to explore this possibility with remarkable speed. The first step in attempting to
exploit the human brain is to show that individual neurons can grow and thrive on silicon chips. Then the
next step would be to connect silicon chips directly to aliving neuron inside an animal, such as aworm.
One then has to show that human neurons can be connected to a silicon chip. Last (and thisis by far the
most difficult part), in order to interface directly with the brain, scientists would have to decode the
millions of neurons which make up our spinal cord.

In 1995, abig step was taken by ateam of biophysicists led by Peter Fromherz at the Max Planck
Institute of Biochemistry just outside Munich. They announced that they had successfully created a
juncture between a living leech neuron and a silicon chip. In a dramatic break-through, scientists have
been able to weld "hardware" with "wetware." Their remarkable research has demonstrated that a neuron
can fire and send asignal to asilicon chip, and that a silicon chip can make the neuron fire. Their
methods should work for human neurons as well.
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Of course, neurons are frustratingly thin and delicate, much thinner than a human hair. And the voltages
used in experiments would often damage or kill the neurons. To solve the first problem, Fromherz used
the neurons from leech ganglia (nerve bundles), which are quite large, about 50 microns across (half the
diameter of a human hair). To solve the voltage problem, he brought the leech neurons, using
microscopes and computer-controlled micromanipulators, to within 30 microns of atransistor on a chip.
By doing so, he was able to induce signals across this 30 micron gap without exchanging any charges
whatsoever. (For example, if you vigorously rub a balloon and place it next to running water, the stream
of water will bend away from the balloon without ever touching it. Likewise, the neuron never touches
the silicon.)

This has paved the way to developing silicon chips that can control the firing of neurons at will, which in
turn could control muscle movements.

So far, Fromherz has been able to make as many as sixteen contact points between achip and asingle
neuron. His next step is to use the neurons from the hippocampus of rat brains. Although they are much
thinner than leech neurons, they live for months, while leech neurons last only for a matter of weeks.

Another step in trying to grow neurons on silicon was achieved in 1996. Richard Potember at Johns
Hopkins University succeeded in coaxing the neurons of baby rats to grow on a silicon surface which was
painted with certain peptides. These neurons sprouted dendrites and axons, just like ordinary neurons.

The ultimate aim of his group is to grow neurons so their axons and dendrites follow predetermined paths
that can create "living circuits' on the silicon surface. If successful, it might allow neurons to conform to
the architecture of alogic circuit in achip.

The doctors at the Harvard Medical School's Massachusetts Eye and Ear Infirmary have already begun
taking the next step: getting a team together to build the "bionic eye." The group expects to conduct
human studies with computer chips implanted into the human eye within five years. If successful, they
may be able to restore vision for the blind in the twenty-first century.

"We have developed the electronics, we have learned how to put a device into the eye without hurting the
eye, and we have demonstrated that the materials are biocompatible,” says Joseph Rizzo. They are
designing an implant consisting of two chips, one of which contains a solar panel. Light striking the solar
panel will start up alaser beam, which then hits the second panel and sends a message down the wire to
the brain.

A bionic eye would be of enormous help for the blind who have a damaged retina but whose connection
to the brainis still intact. Ten
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million Americans, for example, suffer from macular degeneration, the most common form of blindness
among the elderly. Retinitis pigmentosa, an inherited form of blindness, affects another 1.2 million.

Already, studies have shown that damaged cones and rods in animal retinas can be electrically stimulated,
creating signalsin the visual cortex of the animal’s brain. This means that, in principle, it may one day be
possible to connect directly to the brain artificial eyes which have greater visual acuity and versatility
than our own eye. Our eyeis essentially the eye of an ape; it can see only certain colors that apes can see,
and cannot see colors which are visible to other animals (for example, bees see ultraviolet radiation from
the sun, which is used in their search for flowers). But an artificial eye could be constructed with
superhuman capabilities, such as telescopic and microscopic vision, or the ability to see infrared and
ultraviolet radiation. Thus at some point it may be possible to develop artificial eyesight that exceeds the
capability of normal eyesight.

In the world beyond 2020, we may be able to connect silicon microprocessors with artificial arms, legs,
and eyes directly to the human nervous system, which would be of enormous help in aiding people with
disabilities. But athough it may be possible to connect the human body to a powerful mechanical arm,
the stunts we saw on the TV show The Sx Million Dollar Man would place intolerable stresses on our
skeletal system, rendering most superhuman feats impossible. To have superhuman strength would
require superhuman skeletal systems that can absorb the shock and stress of such feats.

Merging Mind and Machine

With all these successes, one can reasonably predict that by 2020 scientists will be able to connect a
variety of organs to silicon chips, possibly reactivating paralyzed or inactive body organs. The reason for
this optimism is that only a handful of neurons are involved in controlling many body organs, so it should
be relatively smple to sort out the wiring of these organs. However, connecting directly to the brain itself
poses awhole new set of problems.

The number of neuronsin the spinal cord of the body is so large that it isimpossible for the foreseeable
future to connect even a portion of them to electrodes. It would be like trying to splice into the tangle of
telephone lines connecting New Y ork City to the rest of the world without a guide or manual. The brain's
wiring is so complex and delicate that a bionic connection with a computer or neural net is something that
is, at present, seemingly impossible without causing permanent damage.

At present, our understanding of the brain is quite primitive. We know
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only in the broadest terms (by analyzing brain-damaged individuals or using PET scans) which areas of
the brain are connected to which parts of the body. Scientists only know at the structural level which parts
of the brain are involved in which general function. At the cellular level, scientists have no understanding
whatsoever of how the wiring is connected. By analogy, consider trying to understand a modern
industrialized nation, with its arts, literature, science, commerce, and palitics, if we are only given amap
of itsinterstate highway system.

It may be the twenty-second century before scientists begin to understand how the wiring of the brain is
connected, let alone be able to tamper withit.

Ralph Merkle of Xerox PARC has made some rudimentary calculations of the time and money it would
take to determine how the brain is wired, neuron for neuron. He thinks that it would first be necessary to
cut a human brain into millions of thin slices and then analyze each one by means of an electron
microscope. Using future automated, computerized image recognition programs, computers could scan
these photographs to yield a three-dimensional picture of the brain, revealing how each neuronis
connected to all the others. Since there are roughly 200 billion neurons, each connected to 10,000 other
neurons, thisis a herculean feat. In a sense, it would take another Human Genome Project to determine
precisely how the brain iswired. Merkle estimated that the cost, using current technology, would be a
staggering $340 billion. But because of Maoore's law, it islikely that prices will tumble over the years. He
estimates that around 2010 the technology will finally be cheap enough to begin this awesome task. The
actual sorting out of the neuronsin the brain would then take three years at a cost of $120 million.

But even after possessing a detailed map of the wiring of the brain, one still has to determine how signals
move inside the brain and how the various organs are connected to it.

Nonetheless, this has not prevented some individuals from making certain conjectures about mind/
machine links, which properly belong in the far future.

The Distant Future: Growing Cyborgsin the Lab

Some scientists feel the ultimate direction of scientific research would be the merger of al three scientific
revolutionsin the far future. The quantum theory would provide us with microscopic quantum transistors
smaller than a neuron. The computer revolution would give us neural networks as powerful as those
found in the brain. And the biomolecular
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revolution would give us the ability to replace the neural networks of our brain with synthetic ones,
thereby giving us aform of immortality.

Evolution has aways favored the organism with those adaptations which best enable it to survive.
Perhaps a blend of human and mechanical properties could create a species with superior survival
possibilities. Humans, according to this line of reasoning, may well be creating the bodies for the next
stage of human evolution.

What happens in the distant future when we are able to manipulate individual neurons? Assume, for the
moment, that Merkle's idea of mapping every neuron in the brain becomes aredlity late in the twenty-first
century or beyond. Can we then give our brainsimmortal bodies?

In his 1988 book, Mind Children, Hans Moravec imagines that a bionic merger of this sort between
humans and machines will lead to "immortality" of sorts. He envisions humans in the distant future being
ableto gradually transfer their consciousness from their bodies to a robot, without ever losing
consciousness. Each time atiny clump of neurons is removed, a surgeon will connect it to a clump of
neural netsin ametal hull which duplicates the precise firing of the original clump. Fully conscious, the
brain could be gradually replaced, piece by piece, by a mechanical mass of electronic neurons. Upon
completion, the robot brain will have all the memories and thought patterns of the original person, but
will be housed in amechanical body of silicon and steel which can potentially live on forever.

Of course, the technology necessary to manipulate individual neurons at will, let alone transfer their
functionsto aneura net, isfar beyond anything possible within the next century. But the question iswell
posed, for if such a scenario is possible, then we may be laying the groundwork for the next step in
human evolution.

One person who takes such wild and woolly ideas seriously is Al founder Marvin Minsky. Instead of
natural selection providing us with the next step in evolution by trial and error, he believes, the next step
will be "unnatural selection,” as Al scientists deliberately try to duplicate the human brain, neuron for
neuron.

But how will people react when they wake up one day and find that their bodies are made of steel and
plastic? When he asked other scientists these questions, he found that they responded by saying, "There
are countless things that | want to find out and so many problems | want to solve that | could use many
centuries.”

"Will robots inherit the earth?' he asks. "Y es, but they will be our children. We owe our minds to the

deaths and lives of all the creatures that were ever engaged in the struggle called evolution. Our jobisto
see that all thiswork shall not end up in meaningless waste."
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Clearly, the computer revolution will interact with society in away that opens up new and exciting
possibilities, from petaFL OP and DNA computers to cyborgs. But these are only possibilities, not
actualities. Inthefinal analysis, it is up to usto decide among these various choices, given their diverse
impacts on our lives, our families, and our jobs. It is we who must decide how much authority we wish to
giveto our creations. Are we to be masters of the machines, or will the machines become our masters?
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6
Second Thoughts Will Humans Become Obsol ete?

"To err is human, but to really foul things up requires a computer."
Farmer's Almanac, 1978

"Computers can solve any problem in the world, except the unemployment they create.”
Anonymous

"[ The postbiological world] isa world in which the human race has been swept away by the tide of
cultural change, usurped by its own artificial progeny. . . . When that happens, our DNA will find
itself out of a job, having lost the evolutionary race to a new kind of competition.”

HANS MORAVEC

The Computer Revolution evokes two startlingly different visions of the future. Thefirst is afuture of
prosperity and leisure, aworld of instantaneous communication, unlimited knowledge, unparalleled
conveniences, and unbounded entertainment. Vibrant new industries will be formed by the computer
revolution as Moore's law inexorably increases the power and reach of computers. Scores of new high-
tech jobs, called "cyber jobs," will sprout around the country. Already, computers are so vital to the
economy that the airline industry, the banks, the insurance companies, and even the federal government
would grind to a halt without them.

There is adarker vision, however, that computers could help make
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possible, as outlined in George Orwell's novel 1984, a nightmarish world in which atotalitarian
government controls and monitors every aspect of our lives. Electronic listening devices could be hidden
anywhere, silently monitoring our activities and eavesdropping on our conversations. Society could be
controlled by the harsh rule of Big Brother and an army of informers, censors, and spies. History could be
rewritten at the whim of a cruel, self-serving bureaucracy which controls the flow of information.

Ironically, we have listening devices today infinitely more powerful and pervasive than anything
envisioned by Orwell in hisnovel. Yet we still enjoy basic democratic freedoms. Rereading 1984, oneis
surprised by how primitive the electronic methods described there were, compared with today's devices.
Y et the influence of the computer and the Internet have arguably increased, rather than decreased, our
freedom of expression and access to information. Many have hailed the Internet as an intrinsically
democratic and decentralizing force, weakening the bonds of dictatorships and authoritarian regimes.
Oppressive governments are at a disadvantage if information can be dispersed worldwide to amillion
people with asingle keystroke. Nonetheless, there are real dangers. Thefirst isthe threat to civil liberties
(privacy, censorship, and eavesdropping), which will only get worse in the next century. Each generation
of secret codes will stimulate new efforts to crack them. The second danger isthe real possibility that the
computer revolution will throw tens of millions of people onto the breadlines, skewing the distribution of
wealth on this planet. Society may increasingly become a nation of information "haves' and "have-nots."
Thisis aready happening on asmall scale, and will accelerate into the next century. And late in the
twenty-first century, perhaps from 2050 to 2100, there will be a danger that robots may gradually become
"self-aware" and hence pose athreat to our existence. Although this notion is entirely speculative,
scientists have devoted afair amount of thinking to the question of how best to control robots as they
gradually assume more and more humanlike characteristics.

Eavesdropping on the Internet

The mediaisfull of lurid stories of computer break-ins, mischief, and outright thievery. So isthere an
ultimate code that can never be broken, no matter how clever the hacker or government?

In 1918, Gilbert S. Vernam of AT& T proposed the celebrated VVernam cipher, which, in the 1940s, was
mathematically proven to be unbreakable. Unfortunately, the VVernam cipher was extremely awkward,
and isimpractical for most use. (It requires that the sender and receiver both possess along "key," a set of
secret random numbers.) Simplified varia-
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tions of the Vernam cipher are used today, but it is believed that some of them are, in fact, mathematically
breakable.

Within the next twenty years, this situation could change significantly as a new encryption system is
adopted, a system not from the world of mathematics, but from the quantum theory. A new area of the
guantum theory, called quantum cryptography, promises by 2020 to revolutionize the entire concept of
computer secrecy. It is here where James Bond meets Werner Heisenberg. How does it work? Whenever
somebody listens in on another person's secret conversation, they necessarily disturb it a bit by making an
observation. Because some of the information in the original message has been disturbed, the disturbance
can be detected.

On one level, this means that observing an object changes its state. For example, one way to tell if a
phone is being bugged is to check the voltage on the phone line. A bugged phone usually has reduced
voltage because its energy is being siphoned off by a bug.

The quantum theory goes much deeper, however. The quantum theory says that no matter now sensitive
the bugging device, there will always be some disturbance in the original signal.

Quantum cryptography uses the fact that light can be polarizedi.e., light isawave which vibratesin a
particular direction (perpendicular to its direction of motion). For example, if alight beam is moving
toward you, its vibrations can be in the vertical or horizontal direction. (This has practical use in polarized
sunglasses, which reduce glare by blocking all light which vibratesin the incorrect direction.) Quantum
physicists use this fact to send messages along a polarized light beam by alternating the direction of the
polarization. Since different pulses of light can have different polarizations, we can send a digital

message aong the light beam.

According to quantum mechanics, if a spy were to intercept the message and make an observation of the
beam, that would disturb the beam and force it into an incorrect polarized state. The person at the
receiving end would immediately know that someone was eavesdropping on the message.

Unlike quantum computers, which may be many decades in the future, prototypes of quantum
cryptography have already been developed. The first prototype was demonstrated in 1989.

"In afew years, quantum cryptography has come to the point whereit's realy an engineering issue,”
claims James D. Franson of Johns Hopkins University, who has successfully performed his own
experiments on gquantum cryptography. "We now have demonstrated the ability to transmit secure
messages between two buildings and over distances of roughly 500 feet in thisway."

In 1996, a milestone was reached when scientists sent a secret message
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along an optical fiber that was 22.7 kilometers long. The message was carried by infrared light and was
sent from Nyon, Switzerland, to Geneva, showing that an abstract principle of the quantum theory could
have practical applicationsin the real world.

Given the explosion in computer power, it is only a matter of time before computers can crack most
encryption codes. Because of this, the most important messages of the future will necessarily incorporate
some form of quantum cryptography. Early in the next century, it islikely that we will seelarge
corporations and institutions begin to use quantum cryptography for their sensitive data. So although the
problem of computer privacy will be fiercely debated for decades to come, in principle thereisan
ultimate solution to the question of computer privacy.

Roadkill on the Information Highway

By 2020, industries will rise and fall because of the information highway, just as the transcontinental
railroad system in the nineteenth century made ghost towns out of the rural towns bypassed by the
railroad, while townships located near railroad junctures became burgeoning cities.

The danger of the computer revolution is perhaps capsulized by the famous but probably apocryphal story
of an exchange between Henry Ford and union leader Walter Reuther during the Great Depression. Henry
Ford, pointing proudly to the rows of shiny new machines which were replacing union workers, chided
hisrival and asked, "Mr. Reuther, where are your workers?"

To which Mr. Reuther replied quietly, "Mr. Ford, where are your customers?"

Because the strengths and weaknesses of electronic computers are well known, it is possible to predict
which kinds of jobs will be directly threatened by the computer revolution in the coming decades. They
include three basic kinds of employment:

Jobs which are repetitive (Factory workers involved in mass production are prime targets for the robotic
revolution.)

Jobs which involve keeping track of inventory

Jobs which involve a middieman

The first kind of employment has been threatened for decades. More surprising is that many seemingly
secure middle-class jobs requiring a college education involved with tracking inventory or acting as a
middleman are being downsized in the 1990s. The Internet will only speed up this transition.

"The Internet isarifle aimed at all middlemen: insurance salespeople,
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investment bankers, travel agents, car dealers. It's going to hit everybody,” claims Jeffrey Christian, who
runs an executive-search firm in Cleveland.

Andrew Grove, CEO of Intel, put it even more bluntly. For anyone whose business depends on large
databases, Grove says, "l would view the Internet as atidal wave that's going to wipe me out. | would be
running as far as my feet go, redoing all my reservation systems, order systems, customer databases, so
that masses of people would be able to reach them from their computer."”

Businesses like travel agencies, banks, video stores, and stockbrokers are al ultimately threatened by the
Internet. Security First Network Bank of Pineville, Kentucky, for example, is doing business entirely on
the Internet today. No tellers. No lines. No waiting. And no branches either. "It means we don't need all
these bodies," boasts James S. Mahan 111, Security First's chief executive. The human teller, like the
friendly telephone operator who used to chat with the customers as he or she connected their calls, is
rapidly becoming athing of the past.

The Wall Street Journal summed it up: "Electronic commerce promises to free workers to do more
productive, higher paying work. But it's going to hurt alot of employees aong the way." The real
guestion, however, is whether the computer revolution will create new jobs to make up for the old ones
and make the economy more productive and prosperous.

In one sense, the elimination of the middlemen may increase the efficiency of the economy. In the last
century, for example, there was a proliferation of private roads in the United States, where wagons had to
pay astiff toll for their use. There was a pike at each tollgate, and, after the toll was paid, the gatekeeper
would turn the pike and allow the wagon to pass. This was the origin of the term "turnpike." Thisarchaic
system, which greatly hindered the growth of interstate commerce, was mercifully ended when states
bought up most of the roads and created the modern system. The elimination of these middlemen greatly
accelerated the free flow of trade and commerce, generating millions of new jobs and helping to create a
modern industrial state.

Another example from the last century is the horse and buggy industry. Thousands of people were
employed as blacksmiths, carriage repairmen, coachmen, stable managers, horse trainers, and breeders.
Most of these jobs were destroyed with the coming of the automobile and the internal combustion engine.
The automobile, in turn, atered the landscape of American society, creating a powerful, vibrant industry.
New kinds of jobs sprouted upfor auto workers, mechanics, car deaers, service workers, and oil workers.
The result of the transition to the automobile was so profound in itsimplications that it even changed our
way of thinking,
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forging new attitudes and social trends based on the country's newfound mobility. It is now considered
our birthright to be able to hop into a car and drive anywhere we please.

There were negative consequences as welltraffic jams, pollution, an exodus to the suburbs that emptied
out the cities. Without a strong tax base, the inner city collapsed, helping to create huge slums. And the
40,000 people who die annually in car accidents in the United States (almost equal to all U.S. deaths
during the Vietnam War) are taken for granted today, the price we pay for this birthright.

The point is that there are always trade-offs. The issue is not to debate the relative aesthetic merits of the
horse and buggy industry versus the automobile industry. Both have their merits and drawbacks. The
point is whether the jobs created by the new industry render the economy more efficient and make society
as awhole more productive and prosperous.

Jobs Which Will Flourish

So which jobs will flourish in 2020? Which will survive the onslaught of the computer and the
information highway? Several classes of jobs, actually.

Once we understand the strengths and weaknesses of computers, we actually see that there will be many
kinds of jobs that will not be replaced within the next fifty years. "There's no limit to the demand for
human services," says Paul Krugman, an economist at MIT.

The following jobs will probably flourish even in the presence of the information highway. In addition to
jobs which will survive by becoming more personalized and specialized, there are also the following:

Entertainment. Writers, entertainers, performers, actors and actresses who are engaged in the creative arts
will flourish in the new era. The increasing abundance of leisure time in society will create an explosive
demand for new forms of entertainment. For example, the recent proliferation of cable channelsis
creating a demand for new entertainment to fill the vacant hours of airtime. New types of entertainment
which do not even exist today will generate entirely new industries.

Software. Although the price of a microchip may be less than a penny by 2020, jobs for software
programmers will soar. Computer hardware will eventually become a commodity, like pork bellies. But
software requires creative mathematical talent, which cannot be easily computerized. For example, the
video game industry, which did not exist only afew years ago, is larger than the entire film industry
today. Similarly, there is an insatiable demand for computer scientists who can design
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attractive Web pages for clients. Virtual readlity, in particular, requires an inordinate amount of
software. Ironically, the computer may put certain people out of work, but the software that the
computer needs in order to operate cannot be computerized.

Science and technology. Computers cannot create new scientific theories. Although the job market for
scientists and engineers will fluctuate with the economy, there will always be a demand for technical
talent. Discoveries by scientists and engineers, in turn, will create entirely new industries.

Service industry. Chauffeurs, butlers, maids, personal trainers, bodyguards, doormen, police, lawyers,
music teachers, private tutors, etc., are involved in intimate interactions with avariety of other people.
Such jobs are amost impossible to replace with computers. For example, the travel industry, which isthe
fastest-growing industry in the world at present, requires tour guides, hotel managers, and service
workers. Furthermore, computers are making the travel industry more efficient, flexible, and accessible
viathe Internet.

Skilled and craft jobs. Skilled workers, such as construction workers, repairmen, sanitation workers,
highway work crews, park service personnel, forest rangers, teachers, etc., cannot easily be replaced by
mass production. None of these jobs are repetitive; each new task requires an entirely different
assessment of a problem. Some, like teaching, may be partly automated by being placed on the Internet,
but ultimately students need human contact for specialized needs.

Information services. Workers in information services will service the information infrastructure,
repairing and monitoring the cables, satellites, computers, relays, etc. The larger the information
infrastructure becomes, the more workers will be required to build and maintain it. There will be a
demand for maintenance workers who perform tasks requiring skills that cannot be automated, such as
laying down wires and cables, replacing worn-out computer parts, and so on.

Medical workers and biotechnicians. As the country ages, there will be a growing demand for health-care
workers to minister to the baby boomers. Robots, telemedicine, and so on may reduce the need for certain

kinds of jobs, but they will never eliminate them totally. And the biotech revolution will open entirely
new jobs which can only be imagined today.

Industries Which Will Changeor Die

Even those industries that will suffer with the coming of the Internet may still survive and even flourish if
they make the transition to offering spe-
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cialized, personalized services that can't be replaced by machines. For example:

Travel agents, who may lose the savvy business traveler to the Internet, might specialize in offering
deluxe vacation packages providing many frills and can be responsive to personalized needs.

While banks will lay off unskilled tellers, they will likely retain and promote skilled programmers and
salespeople, and will likely move to sell specialized products, such as certificates of deposit, for which
they can earn healthy commissions.

While stockbrokerage houses may |ose experienced speculators to the Internet, they may gain the less
experienced customer who prizesindividual attention and the in-house analyst's knowledge of market
fluctuations.

Real estate agents will lose the customer who likes to scan hundreds of listings in front of a keyboard, but
will gain by catering to the specialized needs of the customer who may, for example, want to know where
the good schools are located.

Another areathat will undergo profound changesis the print industry. Instead of collapsing, as many have
predicted, print media may undergo a metamorphosis to a new, higher form.

Columnist Charles Krauthammer paints a gloomy future for print media; he sees the inevitable demise of
paper. "Imagine what the blacksmiths of 1896 felt when they looked up and saw their first automobile,”
he writes. "I know. | am a newspaper columnist in 1996, and for the last six months I've been trying out
the Net. The futuremine, anyway, is bleak. . . the futureis not print."

"Clay tablets," he continues, "gave way to papyrus, sheepskin scrolls to bound books, illuminated
manuscripts to Gutenberg type. In the end, each revolution was for the better.”

For those who say that computers are clunky, time-consuming, and full of jargon, he answers with the
following analogy: "It was much easier to mount a horse than crank up the starter, release the hand brake,
get in gear, and start yourself rolling down the road. Then came the ignition key."

It's debatable, however, whether computers will ever have the "ignition key" that will make them every
bit as convenient as paper. People still like to browse the headlines before going to work and read
paperback books at the beach, at home, or on the subway. Paper has become so convenient that computer
screens may never approach its appeal.

The most likely future is that some of the functions of paper will indeed vanish. Newspapers are already

shrinking because the younger generation was weaned on TV, rather than print. But in the future
newspapers may survive by providing increasingly specialized services.
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Because of the unfiltered cacophony of the Internet, newspapers must offer something that the Internet
cannot, such as news analysis from authoritative sources and specialized services. The problem with the
Internet is that everyone from cranks to seasoned experts offer their unsolicited advice, creating incessant
noise. Editors will probably assume an increasingly important role by presenting something that the
Internet cannot: wisdom. In an ocean of babble, those forms of mediathat can provide authoritative facts
and penetrating analysis will serve an important function.

By 2020, people will probably receive personalized newspapers culled from the Internet, supplying the
specific kinds of information each person needs from trusted sources.

Winners and Losers

What about illiterate, unskilled laborers who fit none of the aforementioned categories? The fact is, each
time society made an abrupt leap to a new level of production, there were losers and winners. It may well
be that the computer revolution will exacerbate the existing fault lines of society, creating new
"information ghettos."

Throughout history, there has been constant change in the social structure of society as aresult of changes
in the environment and in technology. When agriculture was introduced after the end of the last Ice Age
10,000 years ago, hunting and gathering, by and large, was replaced by farming. Farming was
backbreaking work, but it was still preferable to leading a precarious nomadic life chasing after game.

With the coming of the industrial revolution, there was a mass exodus from the farms to urban factories.
Today, only about 2 percent of the U.S. labor forceisinvolved in farming. Modern industry gave
unskilled labor the opportunity to enter the middle class within a generation or two.

At present, there are at least two revolutions going on in the world. In Asia, where two-thirds of humanity
resides, world demand for products made cheaply by unskilled labor is creating an industrial revolution of
unparalleled magnitude, lifting the lives of hundreds of millions of peasants into middle-class status.
These countries are making the transition from an agrarian society to an industrial one. These people, in
turn, will hunger not for computer games and virtual reality, but for refrigerators, cars, TV's, dishwashers,
and so onmerchandise created by conventional industry.

Thetrend in the West is toward an expanding service sector and a collapsing industrial sector. A typical

industrialized country has a service sector which makes up 70 percent of the economy. In the United
States,
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for example, industry makes up only 29.2 percent of the economy. Inthe U.K., it is 30 percent. In France,
28.7 percent.

Some economists have speculated that the industrial sector in the United States may eventually shrink as
much as the agricultural sectori.e., down to 2 percent. New jobs and industries will be created by the
computer industry, but these jobs will demand increasing levels of education, which not everybody will
have.

Michael Vlahos, a senior fellow at the conservative think tank Progress and Freedom Foundation, which
is closely associated with Newt Gingrich, imagines that by 2020 Americawill have an information-
stratified society, caled "Byte City." At the top will be the Brain Lords (with techno-billionaires such as
Bill Gates). Below them are the Upper Service workers (i.e., the cyber yuppies). And below them are
menial workers (the cyber serfs). At the very bottom of society are the Lost People, those who are totally
left out of the computer revolution. Frank Owen of The Village Voice seesthis as a particularly bleak
vision, what he describes as "Blade Runner Meets the Bell Curve.”

In other words, it is possible that the information revolution may enrich the few at the expense of the
many. As Barbara Ehrenreich observed: Gingrich " preaches third-wave futurism while representing the
interests of second-wave plutocrats.”

Several alternatives have been proposed to circumvent this potential polarization of society. One
approach isamajor effort to retrain workers, similar to the Gl Bill initiated after World War 11 that
catapulted so many young veterans into well-paying jobs. Retraining may well be a key part of any long-
term solution to the problem, but one drawback is the cost of such a program, especially when many of
the laid-off workers will be older and lessresilient. A more radical proposal isto change the nature of
work. Some have noted that the very idea of a"job" and "salary" evolved with the industrial revolution
300 years ago. Before that, people were locked into lifetime jobs with aguild or on afarm. One version
of thiswould be to fund massive government service jobs, to clean up the environment and our cities or
provide new forms of art and entertainment. If the economy is so productive that only a small percentage
of the population can produce all the food and goods necessary to keep society going, why not use this
bountiful wealth to put people to work to enrich society as awhole? Social critic Jeremy Rifkin, for
example, sees a coming catastrophe for society unless workers share in the wealth created by the
computer. He envisions vastly strengthening the "third sector” (i.e., civil society, in contrast to the public
and private sectors), consisting of nonprofit organizations, civic groups, etc., to absorb the unemployed.
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Increase the Pie

Because of this economic dislocation, there is a debate in this country concerning how to divide up the
pie, with one interest group often pitted against another, with one person's victory being another's defeat.
Ultimately, it's a zero-sum game. A bigger slice for one interest group means a smaller slice for another,
and the pie, in some quarters, is actually shrinking. The net result is that the natural fault lines of society
around race and class are widening.

My own point of view isthat we need to increase the size of the pie. Ultimately, science and technol ogy
have been amajor source of our increased wealth in recent centuries. In the nineteenth century, for
example, science and technology provided the underpinnings for mechanized industries based on
railroads, steam engines, the telegraph, chemicals, utilities, textiles, and more. That propelled the United
States to the forefront of the world's economy.

In the twenty-first century, because technological innovations today require much more scientific
sophistication, we need to pump more resources into education and science, in order to reap great
dividends in the future.

The inevitable displacement that will result from the evolving computer revolution, therefore, isreally a
symptom, not the root cause of the problem.

What Creates Wealth in the Twenty-first Century?

Why has automation caused such anxiety among workers, especialy middle-class managers? The roots of
the current dislocations caused by the global marketplace run much deeper than simply the advent of the
computer. According to Lester Thurow, former dean of MIT's Sloan School of Management, what is
happening is nothing less than a seismic shift in the generation of wealth on this planet.

Beginning roughly 300 years ago, with the birth of capitalism, nations which accumulated vast wealth
and exploited natural resources and capital rose to prominence, as chronicled by Adam Smith in The
Wealth of Nations. But in the twenty-first century, Thurow writes, "brainpower and imagination,
invention, and the organization of new technologies are the key strategic ingredients.” Some of the
countries likely to be economic giants of the twenty-first century, like Japan and China, are relatively
poor in natural resources and arable land, but they have atrained, dedicated workforce and have placed a
premium on science and technology.
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"Today, knowledge and skills now stand alone as the source of comparative advantage,” writes Thurow.

Many nations which are richly endowed with natural resources may dlide into poverty, as the price of
commodities continues to drop in the next century, until they grasp this fundamental fact.

Unfortunately, the United States has been slow to adjust to this new reality. As documented by David
Halberstam in The Next Century, the U.S. economy was severely drained by the Cold War. Not only did
the Cold War break the back of the Soviet Union, it also siphoned off trillions of dollarsin precious
resources from the U.S. economy.

Furthermore, today 50 percent fewer Ph.D.'s are being produced in science and engineering than just two
decades ago. Around the country, science budgets are being downsized. The laying off of top scientists
has become a symbol of the shortsighted search for short-term profits. (One reason the scientific
establishment in the United States has remained as strong asit hasis the large influx of educated
immigrants, who, for example, account for a disproportionate share of the Ph.D.'s working in Silicon
Valley. However, with the current vitriolic debate over immigration, even this resource may soon dry up,
leaving the United States with a hollow scientific base.)

The sorry state of science education is another case in point. Students from the United States consistently
score near the bottom in every international sciencetest. Thisis unlikely to change. "Put bluntly,”
Thurow writes, "private capitalistic time horizons are simply too short to accommodate the time
constraints of education."

In sum, the United States is eating up its own scientific seed corn. Only by changing national priorities
will it be possible to reinvigorate the forces which made the United States a great power in the last
century. But this requires not only making more investment in science but also changing our emphasis on
short-term, instant gratification.

Thurow writes: "Technology and ideology are shaking the foundations of twenty-first century capitalism.
Technology is making skills and knowledge the only sources of sustainable strategic advantage. Abetted
by the electronic media, ideology is moving toward aradical form of short-run individual consumption
maximization at precisely atime when economic success will depend upon the willingness and ability to
make long-run social investments in skills, education, knowledge, and infrastructure. When technology
and ideology start moving apart, the only question is when will the 'big on€e' (the earthquake that rocks the
system) occur.”

The real winners of the twenty-first century will be those nations which invest strategically in science and
technology. After World War 11, Germany and Japan, for example, were able to complete one of the most
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successful recoveriesin history. One reason why this was possible was that their best and brightest were
not working on hydrogen bombs, but on better cars and transistor radios. In the United States, the best
scientific minds are often absorbed by the Pentagon, which uses their talents on new generations of
weapons. Even redirecting atiny percentage of the military budget to pure science could have a profound
effect on the development of technology.

Aswith the job market, there will be winners and losers among nations in the next century. The winners
will be those who see the computer not as the enemy, but as atool by which to reinvigorate their
scientific and technical base, to create entirely new industries which will absorb those who would
ordinarily be left in the cold. The losers will be those who smash machines, squabble with each other over
dwindling slices of the pie, and wallow in entitlements and short-term gains.

Robotic Dangers. Self-aware Robots

By 2050, the nature of the debate may radically shift again as an entirely new class of machines enters the
market: robots created with alimited amount of self-awareness. This may represent the fifth phase in the
evolution of computing machines.

What happens when the interests of robots and humans diverge? Can robots harm us, even accidentally?
Can they take over?

Thisiswhere Al collides with the realm of science fiction, since we are now dealing with machines with
an independent will, armed with formidable mental and physical abilities which may easily surpass our
own. The advantage here is that they can improve upon human commands, yielding strategies which are
unforeseen by their human inventors. This could open up entirely new areas for science and industry. The
problem, however, is that they can also contradict human orders, and hence pose a danger to humans.
Thisis not amatter of idle speculation; Al researchers have devoted considerable thought to the question.

Al expert Daniel Crevier writes: "When machines acquire an intelligence superior to our own, they will
be impossible to keep at bay. Episodes where a deputy rises and becomes the effective ruler of anation
have happened countless times in history. The evolution of life on earth isitself nothing but afour-billion-
year-long tale of offspring superseding parents. The unrelenting progress of Al forces usto ask the
inevitable question: Are we creating the next species of intelligent life on earth?' Or, as Arthur C. Clarke
has said: "There's an element of fear involved because this challenges and threatens us, threatens our
supremacy in one
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areain which we consider ourselves superior to al the other inhabitants of this planet.”

Hans Moravec agrees: "Intelligent machines, however benevolent, threaten our existence because they are
alternative inhabitants of our ecological niche. Machines merely as clever as human beings will have
enormous advantages in competitive situations.”

As robots become gradually more intelligent and humanlike in the next century, we can begin to quantify
the dangers we can expect to face.

Scientists may gradually allow robots to assume control over our planet's vital functions. For example, in
order to maintain afree flow of goodsin the economy, aswell as monitor and control power distribution,
humans may give an extraordinary amount of control of the environment and the economy to computers.

Consider the simple question of "program trading" on Wall Street. Because humans are too slow to take
advantage of tiny but rapid-fire movements of interest and monetary exchange rates, Wall Street firms
have left hundreds of billions of dollarsin the hands of computers. Since these computers are competing
against each other, the smallest motion in interest rates may trigger an electronic stampede, like the one
which precipitated the 1987 Wall Street crash. The problem is not that the computer is unsuccessful but
that it isfar too successful.

At present, this question is still simple enough so that it can be amelio-rated by small changesin trading
rules by the Securities and Exchange Commission. In the future, however, it is almost certain that some
forms of artificial intelligence will be used to analyze trends in money, trade, and stocks.

It's conceivable that by the middle of the next century the sheer computer power necessary to run entire
cities and nations, including electricity, banking and commerce, transportation, water, waste disposal, life
support, etc., will become so great that society may leave this entirely to computers and robots. Only a
handful of engineers may service the robots who, in turn, have the vast knowledge necessary to smoothly
run the city. Any malfunction in the circuits of the system may cripple or paralyze an entire civilization.
The more information is centralized, the easier it isto disrupt.

Raobots as Killing Machines

One reason robots may pose athreat is that their prime focus has been largely militaryi.e., they have been
specifically designed to kill other humans. The largest single benefactor by far has been the Pentagon's
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DARPA, which has generously funded scores of Al projects, such as Shakey, for the single purpose of
winning wars.

Perhaps the greatest threat posed by computers, according to Al investigators, is the control of our nuclear
weapons by computer systems which contain autonomous Al capabilities. This was graphically explored
in the 1970 movie Colossus: The Forbin Project, based on anovel by D. F. Jones, in which the United
States gives control of its nuclear weapons to a supercomputer, the Colossus (named after Turing's
historic machine).

Some critics have discounted the Colossus scenario, claiming that computers are just machines that do
whatever we tell them to do, and hence pose no mortal danger. The problem is that the calculus of nuclear
war is so swift that we may eventually carelessly cede control of our nuclear weapons to a computer with
Al capability, the very scenario outlined in the movie War Games, in which a computer, asked to initiate a
game called Thermonuclear War, is unable to distinguish the game from an actual war, and as aresult
prepares to launch afirst strike against the Russians.

MIT's Joseph Weizenbaum says, "To a certain extent we have crossed that threshold." During the Gulf
War, he points out, "an American cruiser thought itself to be under attack by an airplane coming from
Iran and shot it down. It turned out to be an Airbus with two hundred and thirty people on board. Had the
ship's captain known the plane to be an airliner, he would, of course, never have ordered it to be fired at.”

One way to partially solve this problem is to change the funding source for artificial intelligence. Since
Al research is often costly, most Al researchers follow the source of their funding.

This problem should diminish with time as commercial enterprises begin to fund Al scientists. The goal
would then be to satisfy the demands of consumers rather than to find ways to kill them off. The solution
isto reduce the influence of the Pentagon in such research, rather than cut basic research itself.

A legitimate question is raised, however: can robotskill, even when we program them not to?

Robots That Go Mad

In the movie 2001, a ship's intelligent computer system, HAL 9000, malfunctions on a historic mission to
Jupiter and systematically attempts to murder its crew. In a sequel to that movie, 2010, an explanation is
finally given why HAL became a serial killer. The problem began when it was given contradictory
instructions. In order to carry out its mission, HAL was forced to lie to the crew. However, because HAL
had no experience with lying, its circuits experienced an irreconcilable conflict. In order to
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stop lying to the humans, the solution it came up with was quite logical: destroy the humans. Then it
wouldn't have to lie anymore.

This decision to become a mass murderer is actually quite understandable. The "H" in HAL stands for
"heuristic,” and "expert systems' like HAL suffer from what is called the "mesa effect.” Aslong as an
expert system stays within its comfort zone (i.e., its area of expertise), it performs admirably. However,
once the system is forced to go even dlightly outside this comfort zone (e.g., by lying to humans), it'slike
falling off a cliff or mesa. The system collapses.

Expert systems, confronted with a problem outside its normal range, will blindly continue to attempt to
solve the problem, even if asolution is not possible, because the machine is unaware that it is outside its
area of competence. Worse, as the machine falls off the mesa, it can be caught in a feedback loop which
makes the system go berserk. The scenario in

2001 is certainly possible, in other words, precisely because of problemsinherent in the mathematics of
feedbacksomething that is sometimes called "the stability problem.”

Although a computer may seem to perform flawlessly, tiny errorsinherent in all feedback mechanisms
can escalate until the system collapses. As Daniel Crevier has noted: "The results of these faultless steps
will amount to irrational and imbalanced behavior: madness.”

We humans, of course, have awide array of feedback mechanisms that protect us from danger and help
us adjust to the environment. That's why we have five senses and a brain to evaluate the messages from
those senses. Nonethel ess, feedback 1oops can also destroy humans. When one of us "cracks up,” it's
sometimes because of afeedback loop that escalated out of control.

Similarly, thereis aways adanger that Al systems trusted to control our nuclear weapons, our money
supply, our life support systems, our cities power supplies, etc., may experience a feedback loop with
disastrous consequences to human life. Crevier claims that we will have to "take into account the
possibility of madness and irrationality before handing over responsibilities to future intelligent
machines.”

There is no simple solution to the "madness” problem in feedback systems. Instead, scientists must design
increasingly sophisticated mechanisms to shut down the system before it goes mad.

Can Three Laws Protect Us?

Science fiction writers like Isaac Asimov have tried to eliminate the ability of robots to murder their
human masters by encoding three "laws" of robotics directly into their programs. They are:
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1) A robot may not injure a human being or, through inaction, allow a human being to come to harm.

2) A robot must obey the orders given it by human beings except where such orders would conflict with
the First Law.

3) A robot must protect its own existence as long as such protection does not conflict with the First or
Second Law.

But thereis an element that is completely missed by the three lawsthat robots may, in properly carrying
out their orders, inadvertently threaten humanity.

Consider the laws of bureaucracy, which are similar to the laws within arobot's brain. A bureaucracy
tends to expand, sometimes to the point that it destroys the economic base that made the bureaucracy
possible in the first place. Several economists, for example, have written that the sudden collapse of the
former Soviet Union was in part due to the bureaucracy's reaction to the arms race. The Soviet leadership
gave its bureaucracy one mandate: to catch up to the West in the arms race. Given this single mission, the
bureaucracy faithfully carried it out, even if it meant bleeding the economy dry building expensive
nuclear weapons, until the system collapsed.

In asense, the bureaucracy fell victim to the old right-wing strategy of "spending the Russiansinto a
depression”i.e., huge Pentagon expenditures forcing the Russians, with a limited economic base, to build
similar weapons, which break their economy. The problem was not that the bureaucracy failed in its
mission; the problem was that it was too successful, until the weight of its success crushed it into oblivion.

Likewise, aglobal economy controlled by Al systems could legitimately decide to accomplish its mission
by expanding, like a bureaucracy. The three laws of robotics are useless against robots justifiably thinking
they are carrying out their central mission. The problem is not that they have failed to carry out their
individual orders; the problem isthat their orders were inherently flawed in the first place. Nowhere in the
three laws do we address the threat posed to humanity by well-intentioned robots.

The problem, in such an instance, is not with the computer; it is with humans, who may want to put
electronic wonders on-line before they have electronic safeguardsin place. Artificial intelligence, as the
decades pass, must be kept on atight leash. The more sophisticated the circuitry becomes, the more
safeguards must be placed on them so that they do not have unintended consequences. There must be a
feedback loop added to the design of Al systems so that these systems have fail-safe mechanisms and
elaborate controls so they do not threaten human society. In fact,
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perhaps a new branch of Al will have to be created, specifically designed to keep Al systems under
control.

At the very least, this means that robots will have to be hard-wired with avast array of safety mechanisms
so they do not overwhelm or replace their human masters. The three laws of robotics are not enough.
There also have to be safeguards against well-intentioned robots as well.

Whether computers become our eternal helpmates or our masters, one thing is certain: they will not go
away. Perhaps the thinking of most people working in artificial intelligence can be summarized by a
statement made by Arthur C. Clarke:

"It is possible that we may become pets of the computers, leading pampered existences like lapdogs, but |
hope that we will always retain the ability to pull the plug if we feel like it."
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PART THREE
THE BIOMOLECULAR REVOLUTION
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7
Personal DNA Codes

"We used to think our future wasin the stars. Now we know it'sin our genes."
JAMES WATSON

The National Institutes of Health (NIH), the world's premier medical complex, is the nucleus for
revolutionary new research which will radically reshape our lives in the twenty-first century. It'sa
sprawling network of modern laboratories located in the leafy, tree-lined suburb of Bethesda, Maryland,
just outside Washington, D.C. Begun as a humble one-room Laboratory of Hygienein 1887 with a
modest budget of just $300, it has since mushroomed to 70 buildings on 300 acres, with an annual budget
soaring to $11 billion.

Perhaps the most pivotal and controversial of all the divisions of the NIH is the Human Genome Project
(officialy the National Center for Human Genome Research), one of the most ambitious projectsin
medical history, a$3 billion crash program to locate all the genes within the human body by 2005.

The man now in charge of the Human Genome Project is Francis Collins. On his shoulders rests much of
the scientific, medical, and ethical responsibility for unraveling the secret of life.

Tall (he's six feet four inches), slim, well dressed with a dashing mustache, he reminds one of a

distinguished version of Peter Sellers. But unlike Sellers, Collinsrides to work at the NIH on a Honda
Nighthawk 750 motorcycle wearing a black leather jacket. Heisafar cry from a

< previous page page 139 next page >



< previous page page 140 next page >
Page 140

befuddled scientist or a gruff, uncaring bureaucrat. (He once posted a quote from Winston Churchill on
hiswall that read: " Success is nothing more than going from failure to failure with undiminished
enthusiasm.")

Callinsfirst won international acclaim for locating one of the most sought-after genes in the human
genome, the gene for cystic fibrosis, the single most prevalent genetic disease among Caucasians in the
United States. (It is so common that there is usually one child who is a carrier of thisfatal, dreaded
disease in most classroomsin the United States.) Accepting his position as director of the Human
Genome Project meant tearing himself away from his beloved laboratory, but it has given him a chance to
be part of scientific history.

"Thereis only one Human Genome Project. It will only happen once in human history, and thisis that
point in time. Without sounding corny, | do believe thisis the most important scientific project mankind
has ever mounted, thisinvestigation into ourselves. . . . | fedl I've been preparing for thisjob my whole
life," he noted. The enormous power of our genes determines everything from the color of our hair, the
shape of our nose, to the chemistry of our cells. But many people ssimplistically think that genes
determine everything.

"It's almost comical these days to see people, sometimes tongue in cheek, sometimes not, talking about
the gene for this or the gene for that," Collins says. "People are saying, 'Oh, | have the gene that makes
me like sports cars." Time magazine has a cover which says, 'Infidelity, it's caused by our genes.' | mean,
come on! Behavior patterns, while they may be genetically influenced in modest ways, are never going to
be understood by fleshing out all the DNA sequence of the human genome, at least in large part.”

"We will not understand important things like love' by knowing the DNA sequence of Homo sapiens,” he
points out. "We have to be careful, in our enthusiasm for what we are doing, implying it's going to turn

into more than what it is. That would be dangerous. If humanity beginsto view itself as a machine,
programmed by this DNA sequence, we've lost something really important.”

Mapping the Human Genome

Thetask Collins and his team have been given is the creation of a"map” of the 100,000 human genes
hidden among 23 pairs of chromosomes in our cellsby the year 2005.

"What we have now is the road system of about 1850," he says. "Y ou can get from one place to another
but you may find it pretty hard slog-
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ging sometimes, and on occasion you may have to get out of the wagon and walk."

Eric Lander, the director of MIT's Whitehead Institute, adds: "What we will eventually get will approach
the detail of something you'd get from the AAA."

The Human Genome Project is actually well ahead of schedule and under budget, as aresult of the
formidable firepower of the computer, biomolecular, and quantum revolutions being brought to bear on it.
Many of the great advances in twentieth-century science are being focused on this major endeavor.
Within a decade, gene hunting has accelerated by a factor of several thousand times with the introduction
of computers, robotic laboratories, and neural networks. It is one of the most dramatic examples of the
cross-pollination between the three revolutions which will set the pace for the twenty-first century.

The sequencing is so advanced that we can now give good estimates of the number of genesinvolved for
each of the magjor body organs. For example, the human brain probably requires 3,195 genes, the heart
1,195, and the eye 547 genes.

The pace of DNA sequencing is breathtaking. Only afew years ago, scientists knew the location of only a
handful of human genes. By mid 1994, the list had grown to 4,700 genes, or about 5 percent of the total.
By late 1996,16,354 human genes had been mapped, or about 16 percent of the total. Given the
astonishing advances made in DNA sequencing, Collins says, "the sequencing part may be 99 percent
done by 2002 or 2003, even though the annual budget has been 70 percent of what was originally
proposed.”

When compl eted, the impact of the Human Genome Project could be much greater than the discovery of
Mendeleev's periodic chart of the elements in the nineteenth century, which finally brought order to the
chaos of matter and gave birth to modern chemistry. By analyzing the periodic chart, new elements and
their properties could be predicted from scratch. Modern civilization, with its dependence on metals,
aloys, solvents, plastics, and high-tech substances, would not exist without the periodic chart. Similarly,
biology and medicine of the twenty-first century may be unthinkable without the genetic map provided by
the Human Genome Project.

Predictions for the Future

| have noted that it is possible to make fairly reasonable estimates of computer technology into the next
twenty-five years because of Moore's
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Brain: 3,195

Eye: 547

Salivary gland: L7
Parathiyroid gland: £6

Breass: 696 Thyresd gland: 584

Lusg: 1,647 Thymus gland: 16]
Lives: 2,091 Lymphoad tesoe: 374
Heart: 1,195 Esophagus: 76
Pamcreas: 1,064 Skan: G20

Gl bladder: T8

Splesn; 924

Adrenal gland: 638

Embayo: 1,559
Colea: 479
Eideey: T12 Endnthelial call: 1,031

Greater conenfum: 163 Skeleral muasele: 735

Prostate gland: 1203 Smeooth muasele: 127

Cheary: 304 Wihite Blood cell: 2164

Flacenta: |,200 Foad blood ocll: B
Epididymus; 370 Flatekt: 22
Uherus: 1,059 Bone: 904

Sméall mnleidine: 297 Synovial membrase: #15

Testis: 1,232 Adiposs lssue: SE1

The number of genes for each human organ has been roughly
determined. By 2005, the detailed molecular structure of each of 100,000
human genes should be completely determined. (Courtesy Robert
O'Keefe)

law. Similarly, because DNA research is rapidly being computerized and roboticized, a new type of
Moore's law has been taking hold recently in biology: the number of DNA sequences that we can
determine doubles roughly every two years. As with computer technology, this predictive law, which has
been so successful to date, makes it possible to peer into the future
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and make reasonabl e estimates when certain medical milestones will be achieved.

Because the science of gene cloning is well understood, Collins and his colleague Walter Gilbert, a Nobel
Laureate from Harvard, expect to see the following scenario from now through the year 2020.

By the year 2000, Gilbert claims, scientists will have deciphered the genetic codes for twenty to fifty
hereditary diseases which have caused untold suffering since the dawn of humanity, including cystic
fibrosis, muscular dystrophy, sickle-cell anemia, Tay-Sachs disease, hemophilia, and Huntington's chorea.

No later than the year 2005, the 100,000 or so genes that make up the human genome will have been
deciphered by the Human Genome Project, which will open up the secrets locked for millions of yearsin
our genes. For the first time, scientists will be able to view the complete genetic code of humanity.

By 2010, the genetic profiles of hereditary diseases will balloon to approximately 2,000 to 5,000, giving
us an almost compl ete understanding of the genetic basis of these ancient diseases. "It is reasonably likely
that by the year 2010, when you reach your eighteenth birthday,” Collins says, "you will be able to have
your own report card printed out of your individual risks for future disease based on the genes you have
inherited.”

By the year 2020 or 2030, all thiswill finally culminate in personalized DNA codes. Gilbert claims,
"You'll be able to go to adrugstore and get your own DNA sequence on a CD, which you can then
anayze at home on your Macintosh."

The next century, Gilbert predicts, will be a heady time when we "will be able to pull a CD out of one's
pocket and say,'Here's a human being; it's me!™

This CD will be the crowning achievement of billions of dollars of research, the product of hundreds of
dedicated scientists working to write the "encyclopedia of life,"” which will include everything necessary
(in principle) to construct ourselves. Once it is completed, we will have an "owner's manual" for a human
being.

The intense effort leading to personalized DNA codes is already reverberating throughout scientific
laboratories around the world, giving us the promise of altering the course of medicine. By 2020, a map
of the 100,000 genesin our human genome could revolutionize the way we treat disease, allowing usto
create new classes of therapies and cure debilitating diseases once thought to be hopelessly incurable.
Scientists will have aflood of new technologies, such as gene therapy and "smart molecules,” to attack
ancient diseases. Large classes of cancer should be curable by 2020, many scientists believe.
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We can also reasonably predict what the "post-genome” world may look like from 2020 to 2050.

Knowing the street addresses and tel ephone numbers of the people in the United States does not tell you
how American society is constructed. It does not mean we know what people do for aliving, or how
business, government, schools, the arts and sciences, and other institutions are organized. In other words,
possessing the human genome does not guarantee that we know how genes interact and how they function.

The explosive progress from now to 2020 is thus deceptive. From 2020 to 2050, scientists expect,
progress will be much slower, because determining the function and interrelations of genes cannot be
easily computerized. It may take many decades after 2020, but eventually we will understand the intricate
web of interactions between genes, especially for polygenic diseases involving more than one gene, and
how they are triggered by cues from the environment, including mental illness, Alzheimer's disease,
arthritis, heart disease, and autoimmune diseases. Among the list of polygenic illnesses may appear aging.
The "age genes," which some scientists believe might control the aging process, may offer the key to
increasing our life span. Eventually doctors might treat aging as reversible phenomenon.

And beyond 2050, we may be able to manipulate life itself.

Molecular Medicine

"The possession of a genetic map and the DNA sequence of a human being will transform medicine,"
Gilbert confidently predicts. This revolution is giving birth to anew form of medicine, sometimes
"theoretical medicine" or "molecular medicine," in which diseases can be battled at the molecular level.
Computer simulations and virtual reality will enable us to attack viruses and bacteria at the precise
genetic weak pointsin their molecular armor.

This does not mean, as molecular biologists are careful to point out, that medicine can be reduced to a set
of molecules. That is areductionist error. But the biomolecular revolution allows us to understand the
complex interactions between genes, proteins, cells, and our environment and even psychology.

Today, having a physical exam is very much like going to an incompetent mechanic who diagnoses your
car by listening to the engine. If the engine is purring smoothly, the mechanic says the car is perfectly
fine. But internally the car could be on the verge of amajor collapse. Asyou drive out the gas station,
your brakes could very well fail or your steering wheel could fly off.
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Similarly, a physical exam today usually consists of afew rudimentary tests on your body, such as taking
a blood sample and determining your blood pressure. What's actually happening inside your body,
especialy at the genetic and molecular level, is completely unknown. Even after a thoroughgoing medical
checkup with an electrocardiogram, you can still have afatal heart attack even as you walk out the
doctor's office. Ironically, the best technology available today can't predict with certainty whether you
will drop dead on your doctor's floor. Furthermore, in the case of cancer, by the time the doctor spots a
tumor, it may be too late: there may already be several hundred million cancer cells growing and
spreading inside your body.

By contrast, imagine going to the doctor's office for a routine checkup in 2020, when personalized DNA
sequences will be available. First, your doctor will take a blood sample, which will be sent to a genetics
laboratory. Within perhaps a month, your complete DNA sequence will be provided.

Y our doctor will be able to place your personalized DNA sequence into a computer, which will determine
if you have any of the 5,000 known genetic diseases. Y our doctor will also use your personalized DNA
sequence to predict the mathematical chances of your getting any number of related diseases. He or she
will then be able to recommend preventive measures years before any symptoms arise. Y our personalized
DNA sequence will therefore be the foundation on which your health can be analyzed. Gene therapy may
then cure some of these previously incurable diseases.

"We are entering an erawhen disease will be predicted before it occurs,” says William Haseltine of
Human Genome Sciences. "Medicine is basically going to change from a treatment-based to a prevention-
based discipling,” he claims.

For good or evil, the biomolecular revolution promises an astounding array of applications, from
bioengineered products which will flood the marketplace to the possibility of controlling life itself.

Whether we are mature enough to handle a technology this powerful and this volatile is another question.
Some may welcome this revolution for the unquestioned benefitsit will bring in relieving suffering and
saving and prolonging the lives of millions. Others, for social or religious reasons, may opposeit for its
excesses. But even its severest critics admit that all of uswill be intimately touched by it.
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What isLife?

To understand the fascinating science which lies behind the research that will make personalized DNA
sequencing possible by 2020, it may be worthwhile to trace the curious twists in Francis Collins's career,
which shed considerable light on the origins of molecular biology.

As a student, Collins was repelled by the dry memorization needed in biology, but was attracted to the
rigor of the quantum theory and physical chemistry. In quantum chemistry, he could find elegant, precise
mathematics governed by the Schrodinger wave equation in which one could calculate how electrons
circle the nucleus, how atoms bond with each other, and how molecul es create the complex chemical
reactions which give life to our bodies. Quantum chemistry, he recalled fondly, "seemed very
intellectually satisfying. The mathematical rigor, the sort of elegance of describing the universe with
second-order differential equationsl liked that alot. The ability to describe truth in that fashion appealed
to me."

Unknown to him, however, a profound migration of quantum physicists and chemists was already taking
place, initiated by the book What Is Life?, written in 1944 by Erwin Schrédinger himself, one of the
founders of the quantum theory. Biologist Stephen Jay Gould calls What Is Life? "among the most
important books in 20th century biology. . . "

Schrodinger, like Collins, was repelled by the sorry state of biology. In atime when many biologists were
still influenced by "vitalism" (the belief that living things were animated by a mysterious and mystical
"life force"), Schrodinger boldly asserted that living things could be understood by the quantum theory of
atoms and that life was governed by a "genetic code” (a phrase he coined) locked in the arrangement of
our molecules.

Molecules, instead of being merely idle building blocks of our bodies, now had a second function, to
serve as repositories for the "code of life."

The problems identified in What Is Life? inspired a new generation of physicists to apply the quantum
theory to help solve the secret of life, including George Gamow, Pascual Jordan, and Nobel Laureates
Francis Crick, Linus Pauling, Walter Gilbert, and Max Delbrick.

What Is Life? also changed the life of abrash young student named James Watson. He recalled, "From
the moment | read Schrodinger's What Is Life?, | became polarized towards finding out the secret of the
gene." At Cambridge University, he teamed up with physicist Francis Crick, who was al so deeply
influenced by the book. Their work eventually identified the DNA molecule as the carrier of
Schrodinger's genetic code.
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From Quantum Physics to DNA

Watson and Crick performed their historic work by using an important tool borrowed from quantum
physics: X-ray crystallography, which fires a beam of X-rays through a crystallized sample.

To understand this process, think of the glittering crystal spheres that light up dance halls and discos
around the country. The sphereis actually made of hundreds of tiny mirrors glued to aball. When a beam
of light is directed at the sphere asit rotates, the entire room is filled with adazzling array of swirling
dots. In principle, if you knew the location of all these dots, you could work backward and determine the
precise location of all the mirrors glued on the ball.

Now replace these tiny mirrors with atomsin a crystal, and the light beam with a powerful beam of X-
rays. Asthe X-ray beam bounces off the individual atoms, it creates thousands of tiny scattered waves
which interfere with each other and spread out in space. (This expanding wave front of X-rays produces a
pattern of bright and dark spots which can be captured on special photographic film. Encoded in this
pattern of seemingly random dotsis all the information necessary to locate the atoms within the crystal.
By using the quantum physics of X-rays, one can then determine the precise atomic structure of the
crystal.)

Rosalind Franklin employed this technique to obtain X-ray photographs of crystallized DNA. Using this
result, Watson and Crick proved that DNA contained Schrédinger's "genetic code.”

DNA, they showed, consisted of two tightly coiled strands arranged like a double helix, making up the
celebrated double-stranded "molecule of life." Like brilliant pearls on a string, the genes which make up
our body lie along these strands of DNA ,which form the 23 pairs of chromosomes locked inside the cell
nucleus. These chromosomes pack so much information that if all the DNA in just one microscopic cell
were fully stretched out, it would be six feet long!

Along this six feet of DNA lieall of our 100,000 genes; what makes the difference between avirus, a
fish, an insect, amouse, and a human is encoded in this sequence of genes. The DNA, in turn, consists of
even smaller units, called nucleic acids, of which there are four, labeled A, T, C, and G. Likerungson a
spiraling staircase, the nucleic acids along the double helix are paired off. (Each pair of nucleic acidsis
called a"base pair.") The precise sequence of A, T, C, and G strung along the DNA make up
Schrodinger's "genetic code.”

A single gene may be made up of thousands of base pairs. Each performs its magic by creating atemplate
of itself made of RNA, which in
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In the nucleus of our cells, 23 pairs of chromosomes are made of DNA
molecules. Along the double helix of DNA lie our genes like pearls on
astring. These genes, in turn, consist of thousands of "base pairs"
consisting of pairs of nucleic acids A, T, C, and G. (Courtesy National
Institutes of Health)
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turn contains the code necessary to manufacture a single protein molecule. (More precisely, it takes three
base pairs, or a codon, to code for a single amino acid, which in turn are the building blocks for proteins.
Since there are four types of base pairs, there are thus 4x4x4=64 possible amino acids that can be created
by the DNA molecule. Since thisis larger than the number of amino acids found in nature, more than one
codon can code for the same amino acid.) Our bodies, in turn, are made of these proteins. That isthe key:
each gene produces one protein, which in turn may circulate in the body to perform a specific function,
such as triggering chemical reactions as an enzyme or serving as a building block for tissue.

By the time Collins was a graduate student at Y ale, he could feel the revolutionary winds unleashed by
the decoding of the DNA molecule. Biology, he realized belatedly, was no longer memorizing the parts of
aflower; biology was undergoing a profound change, similar to the epic birth of quantum mechanics
itself back in 1925. "I realized, 'Oh my gosh, thisis where the real golden erais happening. ' | was
worried that | would be teaching thermodynamics to a bunch of students who absolutely hated the
subject. Whereas what was going on in biology seemed like quantum mechanicsin the 1920s. . . | was
completely blown away."

At this point, Collins took the biggest gamble of his career, switching fields. Like along string of other
guantum scientists before him, he held his breath, took the plunge, and never looked back.

Reading the Code of Life

Just as the engine driving the explosive growth in computer technology for the next twenty-five yearsis
the use of photolithography to exploit smaller and smaller wavelengths of light, the engine driving the
explosive growth in DNA sequencing for the next twenty-five years is the automation of the techniques
originally pioneered by Frederick Sanger, Walter Gilbert, and Allen Maxam.

To understand how DNA sequencing is done and how easy it is to computerize, imagine finding a
treasure map which is written with impossibly dense cryptic symbols. To decipher the treasure map, you
might proceed in three steps.

First, with apair of scissors you snip off key segments of the code for detailed analysis. Second, you
enlarge these segments with a magnifying lens. Third, you peer into the lens and read the coded |etters on
each segment.

Each of these three steps has a counterpart in DNA sequencing. For example, snipping off segments of
the code corresponds to using organic
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chemicals, called "restriction enzymes," which can slice up DNA at specific points. (Fortunately, these
remarkabl e restriction enzymes are produced naturally by certain bacteria when they combat viruses,
dlicing up the attacking viral DNA into ribbons). About 400 of these restriction enzymes have now been
identified, each one able to slice up aDNA segment at specific points.

In the next step, scientists have to magnify these microscopic segments. The counterpart of a magnifying
lensisto insert these DNA segments into bacteria (such as Escherichia coli) which then make millions of
copies of the fragments, somewhat similar to the way that fermenting creates alcohoal.

Finally, the counterpart of reading the code on these segmentsisto use adevice called "gel
electrophoresis’ to separate out these microscopic segments.

To see how this separation works, imagine a group of children engaged in arace. In general, the heavier
children will be slower than the lighter ones, so eventually the children begin to separate out. At the finish
line, the lighter children will be first, followed by the heavier ones, who will be lagging at the back.

Similarly, heavier (or longer) gene fragments placed in aviscous gel move slower than lighter (or shorter)
ones. By watching these fragments move sluggishly in agel inside an electric field, you can distinguish
the heavy ones from the lighter ones. At the "finish line" we see a series of bands, each band representing
adistinct gene sequence of a certain weight or length. The distance between the bands tells us the relative
weight of these bands, with the heaviest on one side and the lightest on the other. (For example, if we use
arestriction enzyme which cuts DNA only whenever G appears, then the distance separating each of
these bands tells us where along the DNA sequence the various G's lie. We can repest this process with
different restriction enzymes, and hence locate the position of all the A's, T's, and C's in the same way.
After severa iterations of this technique, we can read off the sequence of A, T, C, and G.)

Previoudly, biologists could only guess at the riches that lay hidden within the gene. But with this
pioneering work, biologists began to read the ancient code of life for the first time in its three-billion-year
history.

These DNA sequencing methods are so easily automated that, in fact, we expect the tree of life for
thousands of life formsto be sequenced by 2020. Thus we will know the genetic relationship between
many organisms on earthand when they separated from each other. The details of the evolution of life on
earth, once a matter of endless speculation, will be reduced to mathematics. Thiswill give new meaning
to the expression "the web of life."
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One factor accelerating this process is the simple economics of gene sequencing. In 1986, Gilbert
shocked audiences at the Cold Spring Harbor conference when he estimated it would cost one dollar to
sequence one base pair or $3 billion for the entire Human Genome Project.

"The audience was stunned,” recalled Robert Cook-Deegan of the National Academy of Sciences, by
Gilbert's projection, which many felt wastoo low. "Gilbert's cost projections provoked an uproar.” As
outrageous as the claim sounded in 1986, today Gilbert's estimates sound quaint and even conservative,
by 1990, the cost per base pair fell to ten dollars. Now it costs less than fifty centsto sequence asingle
base pair, and that price continues to drop like arock. In fact, by 2020, many scientists expect that the
cost per base pair could be an infinitesimal fraction of a penny, making personalized DNA sequences
economically feasible.

Of Microbes, Mice, and Men

Not surprisingly, the preliminary information scientists have obtained about these genes is profoundly
altering our understanding of our bodies and the origin of our species, aswell as our relationship to the
rest of the animal kingdom.

For example, below is atable showing the number of base pairsin various forms of life on earth:

ORGANISM BASE PAIRS (in millions)
Viruses o1

E. coli 5

Y east 12

Nematode (worm) 100

Drosophila (fruit fly)

180
Tomato 200
Mouse 3,000
Human 3,000

Scientists are compl eting the sequencing of these organismsin roughly this order.



Viruses, the simplest of all organisms, were the first to be completely sequenced since they consist of
short DNA or RNA strands surrounded by protein coats. In 1977, Frederick Sanger and his colleagues
found the complete DNA sequence for the first virus, phi-X174. This virus was chosen because of its
relative simplicity: it has only nine genes, arranged on a single chromosome 5,375 base pairs long. If
spelled out in terms of
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A, T, C,and G, it would fill up only one page of this book with dense script. The human genome, by
contrast, would take up 500,000 pages.

Some of the greatest killersin history, like smallpox, are now yielding to the gene hunters. Smallpox is
known to have 186,000 base pairs, polio 7,700 base pairs, rabies 13,000, measles 18,000, influenza A
18,000, and the common cold 7,500. One of the longest viruses to be sequenced is the human
cytomegal ovirus, which has 230,000 base pairs and causes flu-like symptoms.

The pace of sequencing other forms of life is accelerating. The next milestone was reached in late 1995,
when the first gene map of an entire cell was deciphered. The cell, Hemophilus influenzae, contains 1,743
genes, located on asingle, circular chromosome made of 1,830,137 base pairs.

In early 1996, even this herculean feat was surpassed when the genome for ordinary baker's yeast was
decoded. Y east contains 12,057,000 million base pairs, divided into 6,000 genes, arranged on 16
chromosomes. Yeast is of particular importance because it shares so many of its genes with humans.

In 1997, scientists at the University of Wisconsin-Madison announced they had unraveled the genome of
the bacterium E. coli, which contains 4,638,858 base pairs and 4,300 genes. Fifteen percent of human
gene sequences contain parts of the E. coli genome.

Presently, scientists are working on many fronts, performing DNA sequences on avariety of organisms
simultaneously. We expect to see scientists in the next few years announcing the DNA sequence of
increasingly complex organisms, including nematode worms, fruit flies, mice, and eventually humans (in
roughly this order). The culmination of thislong process will be personalized DNA sequencing.

The Human Family Tree

Human sequencing has resulted in many surprises. One profound discovery is how close we are linked
genetically to other animalsin the web of life. Since all life on earth probably originated from asingle
DNA or RNA molecule, the genetic overlap between any two life forms gives us a numerical way of
calculating how close they are in terms of their evolution. The greater the overlap, the closer they are on
the evolutionary tree.

Mapping the DNA tree of life aso has enormous implications for human medicine. We often find genes
in animals which are similar in function to genes in human beings; these are called "homol ogous
genes." (Homologous genes are related genes found in entirely different species, having a common
ancestor with that gene, and often, but not always, performing the same function. Wings and hands are
homologous organs.)
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Finding homologues to human genesin the animal kingdom, which are often less complex, can save
scientists thousands of hours of rummaging through the human genome.

For example, about a billion years of evolution separate humans from yeast. Thisis reflected in the fact
that athird of the genesin yeast are also found in humans. About 40 percent of the genes in roundworms
are also found in humans. The genetic overlap between mice and humansis about 75 percent.

Molecular biology indicates that our ancestors (i.e., hominids) separated from the ape family roughly 5
million years ago. We find that we share fully 98.4 percent of our DNA with our closest genetic relative,
the chimpanzee.

By determining how close any two humans are genetically, we can also determine how close they are by
blood. For example, two identical twins have the same genetic code, and therefore the "genetic distance”
between them is zero. (Actually, even identical twins have afew dozen genetic differences between them
caused by random mutations.) If we compare parents and children, or two siblings, we find that, on
average, they differ by about 0.05 percent of their genetic code. (This means that close relatives differ by
about 1.5 million nucleotides.) And if we take two humans purely at random, then we find that, on the
average, their genetic code differs by about double that amount, or 0.1 percent. Thisis summarized in the
following table:

ORGANISM % GENETIC OVERLAPWITH A HUMAN
E. cali 15

Y east 30

Worm (Nematode) 40

Mouse 75

Cow 90

Chimpanzee 98.4

Another human 99.9

Sibling 99.95

By computing the "genetic distance" between any two humans, we can also reconstruct the outline of the
human evolutionary family tree. For example, we can calculate that the genes in the human body diverge
at the rate of 2 to 4 percent per million years. From this, some scientists have asserted that humans
probably branched from a common ancestor sometime between 140,000 to 290,000 years ago.

Using this technique, we can now construct the complete "family tree" of the human race, putting in all
the details that were lost thousands of years ago in prehistory. Analyzing just afew proteins and genes
aready
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has given us startling insight into the origin of al the races and peoples of the world. By 2020, when
personalized DNA sequencing is possible, our ancestral family tree should be nearly filled in, including
all the branches which have been forgotten for tens of thousands of years.

Not only does the map fill in gapsin the linguistic and archaeol ogical theories about the origin of
humanity, it even gives the dates at which missing branches in our family tree diverged from other
branches thousands of years before the first written records.

DNA Testing

Although finding all the genes within our DNA will take many years, there are several easy spin-offs
which are already rippling through society. For example, it isvery easy to use DNA sequencing
techniques to identify a handful of "markers' along the genome which are unique to every individual.
This makes possible DNA testing, much like fingerprinting in the last century, an indispensable part of
criminology.

In the next century, DNA testing will continue to have important applications in many areas, including:

Paternity and immigration suits. About 285,000 paternity suits are filed nationwide every year in the
United States, of which 60,000 are disputed and require testing. In the future, not only will al paternity
suits be settled definitively; it should be possible to establish the precise genetic relationship between any
two individuals.

Solving historical mysteries and exposing frauds. In 1997, DNA evidence apparently vindicated Sam
Sheppard, the doctor accused of killing hiswife in 1954 (whose story became the basis of the movie and
TV series The Fugitive), and identified the likely murderer.

Analyzing DNA from ancient people. The DNA of the "Man in the Ice,” frozen in a glacier thousands of
years ago, is now being analyzed, as well asthe DNA from scores of ancient Egyptian mummies. Thisis
already yielding new information about the history of disease and the way ancient people lived.

Analyzing DNA in amber. DNA samples from insects preserved in amber can date back to before the
time of the dinosaurs, which died out 65 million years ago. George Poinar of Oregon State University, for
example, has even extracted muscle tissue from a 125-million-year-old L ebanese weevil. Thisis, says
Poinar, "the best preserved protein on the face of the earth.” So far, DNA has been successfully extracted
from about a half dozen ancient samples in amber.

The poet Alexander Pope wrote in his poem "Hesperides':
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| saw afly within a bead

Of amber clearly buried;

The urn wasllittle, but the room
More rich than Cleopatra's tomb

We now realize that the DNA in amber isindeed much richer than Cleopatra's tomb.

Predicting medical disorders. The skating world was shocked when two-time Olympic gold medalist
Sergei Grinkov suddenly collapsed and died of a heart attack in 1995 when he was only twenty-eight
years old. His blood was subsequently analyzed by DNA sequencing. As expected, a genetic defect was
found. The gene PLA2, which he inherited from his father (who also died young), was responsible for
clogging his heart prematurely.

For the public, however, the most sensationalized impact of DNA testing has been in the area of DNA
fingerprinting and criminology. Being able to read just a handful of markers on DNA samples has
completely overturned the study of criminology.

Crime, Punishment, and DNA

In 1983, DNA testing burst on the international scene with a sensational rape/murder case that began in
the village of Narborough, England. After many surprising twists and turnsin this historic case, DNA
evidence was crucial in both exonerating the chief suspect and convicting the true killer.

Since then, DNA tests have had a profound effect on crime and punishment. They have reversed the
verdict in fully 25 percent of the sexual assault cases referred to the FBI since 1989. President Bill
Clinton's 1994 Crime Control Act contained alittle-noticed provision which called for the establishment
of anational DNA data bank.

Since then, forty-two states have passed laws to require prison inmates to give blood or saliva samples for
DNA analysis. Of those, twenty-six states have started setting up DNA data banks of their own, which
will be eventually linked into the national data bank.

By 2020, however, there will be asignificant change that will make DNA fingerprinting obsolete. The
handful of markers used in DNA fingerprinting will give way to the infinitely more sophisticated
personalized DNA sequences. Fingerprints may give us a match, but DNA may tell us what the person
looked like and give us his or her medical history.

For example, by examining a single cell from a person’s dandruff, it isin principle possible (using the

polymerase chain reaction process) to reconstruct the entire genome of an individual. Possessing the
personalized
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DNA sequence, one can reconstruct important details of the person, including blood type, eye and hair
color, sex, genetic diseases, general body shape, medical status, disposition to baldness, approximate
height and weight, even body chemistry. (Certain features whose genetic origins are still unclear, such as
the details of the face, probably will not be available even in 2020.)

Synergy Between Computers and DNA Research

Personalized DNA sequencing by 2020 is no longer afarfetched idea because of the intense synergy
between the computer and the biomolecular revolution. What is forcing this cross-pollination is the sheer
volume of work involved in sequencing and then analyzing three billion base pairs, which has
overwhelmed the molecular biology community. Inevitably, they are turning to computer scientists.

"We've always known that the day would come when engineering would play acritical role," said David
Botstein. "That day has arrived." The rapid progress since the introduction of computer sequencing is
breathtaking. In the 1980s, it took a biologist an entire year to sequence 10,000 base pairs. By 1992, a
single machine could analyze that many base pairsin asingle day. Leroy Hood of the University of
Washington predicts that by 2002 scientists will be able to sequence one to ten million base pairs per day
per technician! Thisis an advance by afactor of athird of amillion in just a decade.

Today, the world's largest repository for gene sequencing for al life formsis GenBank, located at the Los
Alamos National Laboratory. (GenBank was started in 1982 by mathematician Stanislaw Ulam, who
earlier won notoriety for helping to create the hydrogen bomb along with Edward Teller. Ulam, like
Schrédinger, Delbriick, Crick, Pauling, Gamow, Jordan, and Gilbert before him, was fascinated by the
ability of quantum physics to decode the secret of life. From all over the world, scientists send their DNA
sequences by e-mail to the Los Alamos computer, which acts as a huge clearinghouse for genetic
information.

By 1990, 60 million base pairs had been sequenced, and 50 million base pairs (a quarter of which are
human) were stored in GenBank. By 1997, GenBank contained over 843 million base pairs.

To fully understand why computers and robots will eventually take over the sequencing of DNA, imagine
that DNA is along ribbon stretching off into the horizon. This ribbon hastiny stripes on it which are only
one millimeter wide, about the thickness of a pencil line. In this analogy, each stripe represents asingle
base pair. On a scale of this magnitude, the ribbon representing the DNA of aworm would extend 120
miles. The
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ribbon representing the human genome would extend 1,600 miles, or roughly halfway across the United
States.

Robert Waterson, a mathematician who is now director of the sequencing effort at the largest DNA center
in the United States, at the Washington University in St. Louis, notes, "In the last six years, with all this
sequencing, we are not yet even halfway to Columbiayet [160 miles away from St. Louis]. And now we
have the temerity to suggest that it istimeto set out for L.A. [1,600 miles away]."

Y et, according to Waterson, every week his group generates 27,000 DNA segments, each made of 500
nucleotides. He hopes to get up to 40,000 aweek within ayear. "We figure that for us to do one-third of
the human genome in five to six years, we'd have to get reads of 80,000 to 90,000 a week."

The Birth of aNew Science: Computational Biology

Computer scientists engaged in DNA sequencing will not simply pack up their bags and go back home in
2005 when the project is done. Thisis because the Human Genome Project is just the beginning of an
entirely new science.

"It's turning biology into an information science. Many biologists consider the acquisition of sequencing
to be boring. But from a computer science point of view, these are first-rate and challenging algorithmic
guestions,” says Richard Karp of the University of Washington, one of the leading computer scientistsin
the country.

Computer science first invaded the world of biology in 1983 when Russell Dooalittle and his colleagues
rocked the closed world of molecular biology by making amajor biological discovery by simply reading
computer printouts. Without performing a single experiment, Doolittle was able to find a similarity
between two dissimilar proteinsinvolving different areas of biology: the sis cancer gene and acellular
growth factor. He and his colleagues noticed that the DNA sequence found in this particular type of
cancer was also the same DNA sequence involved in cellular growth, thus showing that cancer genes
created abnormal growth in cells. Biology was not supposed to be done this way.

Robert Cook-Deegan of the National Academy of Sciences asked the rhetorical question: "Why should he
be able to publish amajor discovery that came from just sitting at a computer terminal? That wasn't
biology, was it?"

This dramatic discovery heralded the beginning of using computers to spot patternsin DNA sequences
rather than getting one's hands dirty with test tubes of proteins. "The intrusion of computers into molecular
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biology shifted power into the hands of those with mathematical aptitudes and computer savvy,” Cook-
Deegan notes. "A new breed of scientist began to rise through the ranks, with expertise in molecular
biology, computers, and mathematical analysis.”

In the past, biologists learned about life by analyzing the interior of living specimens (i.e., in viva). In the
last century, they learned to study lifein glass (i.e., in vitro). In the future, they will study life via
computers (i.e., in silico).

DNA on aChip

What will the sequencing process look like in 2020? Will we have thousands of acres devoted to housing
monstrous computers and robot factories that sequence people's DNA?

Probably not. Just as the future of computer technology lies in miniaturization via the microchip, many
scientists feel the future of DNA sequencing will be the "bio chip” and the "DNA chip," in agrand
merger of the computer and biomolecular revolutions.

The bio chip isamicrochip designed specifically to perform "homology" searches between similar human
and animal genes. This bio chip is enormously useful for biologists, because if a certain genetic sequence
inan animal is already known to control a certain protein, searching for its counterpart, or homologue, in
humans reduces the guesswork involved in identifying unknown human genes. In the future, in line with
Moore's law, the bio chip will eventually take over the business of DNA analysis.

A primitive bio chip already existsit is a quarter of an inch across, contains 400,000 transistors, and "is
the most complex chip that the Jet Propulsion Laboratory at Caltech has ever designed,” according to
Leroy Hood. It is about 5,000 times faster than a Sun Sparcstation 1. When instructed to identify a 500-
base sequence among 40 million bases, the Sun Sparcstation computer took five hours, while the chip
took only 3.5 seconds.

Scientists are now perfecting a DNA chip aswell, a microchip that can almost instantly screen a person's
DNA for selected genes. DNA chips, which will soon begin to enter the marketplace, can test for HIV,
cancer, and thousands of genetic diseases within a matter of hours. This new diagnostic tool may
revolutionize the $17.5 billion diagnostics industry.

With the advent of the DNA chip, Gilbert's dream of "personalized" DNA records that contain all our

genesisno longer piein the sky. Already, several start-up biotech companies are racing to read our DNA
by scanning them onto microchips. The merger of computers and molec-
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ular biology on a DNA chip may signal anew erain cheap, rapid genetic screening.

To the naked eye, the DNA chip seemsto be rather unremarkable. Only the size of afingernail, it looks
very much like the microchip that is used in most PCs. But under a microscope, you would see a most
unusual pattern. With the same photolithography techniques used to etch microscopic groovesin tiny
transistors, scientists use atemplate to etch the outline of DNA strands corresponding to a particular set of
base pairs. By washing a solution of DNA over these templates, those sequences which remain are those
which fit precisely into each probe.

The trick isthat the only DNA strands which stick to the microchip are those which precisely fit the
template pattern etched onto the chip. All other strands are washed away. A laser then makes some of
these sequences fluorescent and a computer makes the final identification.

Already, the Affeymetrix corporation is marketing a chip with 65,536 probes etched onto it, each probe
being the template for eight base pairs. "We have actually produced a prototype chip containing amillion
probes,” claims Robert J. Lipshutz, the company's director of advanced technology. Affeymetrix has
aready succeeded in placing all the genesfor HIV on a DNA chip, which can accelerate AIDS screening
dramatically.

The potentia for the DNA chip, which squeezes an entire DNA laboratory onto asingle chip, is
enormous. Already, one can use it to screen for the notorious p-53 mutation, which isimplicated in over
half of all cancers. Cystic fibrosis, which comesin any of 450 different mutations, can be screened by the
DNA chipinafew hours at a cost of only afew dollars. (The traditional process of identifying these
cystic fibrosis genes is quite expensive and takes at least aweek.)

Post-Genome Era: From 2020 to 2050

The rapid progress toward personalized DNA sequencing should continue steadily and unabated for the
next twenty-five years. It islargely a by-product of the fact that DNA sequencing techniques are easily
automated and computerized. By 2020, we should have a nearly complete Encyclopediaof Life.

After 2020, when everyone has their own personalized DNA code, the problem will increasingly shift to
understanding how the genes perform their magic in our bodies. As Walter Gilbert says: " Science will
have moved on to the problem of what a sequence means, what the gene actually does."

After 2020, molecular biologists will be flooded with millions upon millions of genes from different
organisms whose function must be te-
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diously determined. Just possessing a personalized CD with 3 billion impenetrably dense symbols on it
does not mean that we know how our genes function.

For example, now that yeast has been decoded, it will become a laboratory for human gene research to
determine how genes function. Usually, scientists determine what a specific gene does by deleting or
mutating it in an organism and watching what happens to the organism. (This painfully crude method can
be compared to trying to figure out how a supercomputer works by smashing individual components to
see what happens.) Because yeast cells reproduce in afew days, they have an enormous advantage over
mice, for example. Already, scientists have found that the human cancer gene rasis also found in yeast
and, as in humans, makes yeast organisms lose control over their reproductive processes. Y east has
proven to be a gold mine for other human genes as well, including those for neurological and skel etal
disorders (even though yeast has no nervous system or bone!).

One roadblock which will impede progress in the "post-genome era’ is the infamous "protein folding
problem." In biology, molecular structure is destiny. Knowing the shape of an organic molecule often
helps to determine its function. For example, many organic molecules which interact with each other
resemble a"lock and key," with one molecule shaped like a key entering a keyhole in the other molecule.
Unfortunately, X-ray crystallography, the workhorse of molecular biology, depends on being able to
crystallize the sample. If a particular protein cannot be crystallized, then it cannot be probed by X-rays.

Using standard chemical methods, one can determine the atoms within a protein molecule (which may
number in the thousands) and the sequence of its amino acids. But this tells us nothing about how the
amino acids are physically arranged in three dimensions. In general, protein molecules look like a series
of amino acids arranged in many ribbons and helixes glued together in a bizarre fashion. At first glance,
attempting to determine the shape of a complex protein molecule without X-ray crystallography seems
hopeless.

But here is where the quantum theory comes in. Quantum mechanics gives us the bonding angles between
each atom, allowing us to determine how these ribbons and helixes rotate with respect to each other. But
to determine the precise shape of these ribbons and helixes, one must use a powerful supercomputer.

In general, all physical systemstend toward a state of minimum energy. Imagine a protein molecule that
consists of alarge collection of Slinky coils bound together by string. Now shake this strange contraption.
At firgt, it seems asif the resulting motions are completely random and
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impossible to predict. But actually the final configuration of these coils, no matter how complicated, is
nothing but the state of minimum energy.

Using a supercomputer, one can calculate the energy of millions of possible arrangements of these
ribbons and helixes. By selecting the configuration of ribbons and helixes with the lowest energy, one can
determine how proteins "fold" into the proper shape.

Not surprisingly, the protein folding problem is a stubborn one requiring a lot of computer time and
ingenuity. Since by 2005 we will in principle have all 100,000 protein molecules required to build a
human being, scientists will be relying on supercomputers for many decades to tell us how these
thousands of proteinsfold in three dimensions.

Asyou can imagine, progress beyond 2020 will likely slow down significantly as the difficult problems
of gene function, polygenic diseases, and protein folding begin to dominate research. It will be aslow,
labor-intensive process. However, the dividend will be enormous, unraveling a host of genetic diseases
which have plagued humanity since we first walked the earth. It may also give us the molecular tools
necessary to conquer one of the greatest killers of modern times, cancer.
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8
Conquering CancerFixing Our Genes

"How cancer developsis no longer a mystery."
ROBERT A. WEINBERG, MIT

"...thetimeiscoming when there will be magic bullets to treat cancer the way we now treat many
infectious diseases with vaccines and antibiotics."
FRANCIS COLLINS, NIH

Rebecca Lilly isatypical bubbly sixteen-year-old suburban high school girl. Smart, athletic, and
vivacious, she frets about the things that worry most teenagers, such as school, grades, and being accepted
by her friends. Her softball coach, Tom Mayers, says proudly, "Beccas got a heart as big as this ball field.
She's gutsy, she never complains, she never gives up. She keepsus all in the game.”

One of the highlights of her life was a surprise sweet-sixteen birthday party. She mingled easily on the
dance floor, dancing to the Macarena and laughing with her friends. Like most teenage girls, she dreams
of boys, parties, and her future. Unfortunately, all these dreams are on hold, for an unspoken chasm
separates her from her friends. She suffers from an incurable brain tumor. On November 1995, she
became the first person in history to be treated for brain cancer using gene therapy.

Since age ten, she has suffered from the knowledge that she may die of
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abrain tumor, a high-grade malignant glioma growing relentlessly inside her skull. Untreated, the tumor
will expand without mercy until it Slowly crushes her brain. She has been in and out of hospitals ever
since. She is more familiar with brain scans, MRI, radiation treatments, and brain surgery than she iswith
the SAT.

She has had open-brain surgery four times to remove the tumor, but each time it has grown back.
Chemotherapy is out, since the toxic drugs designed to kill cancer cells cannot penetrate the blood-brain
barrier and hence attack the brain tumor.

When, one by one, all the alternatives failed, her parents finally opted for aradical, last-ditch
experimental treatment: gene therapy.

During a grueling nine-hour operation to remove most of her tumor, doctors injected a harmless virus into
her brain. Scientists had altered the genetic code of the virus so that it was no longer harmful, and inserted
ageneinto the virus designed to infect the cancer cells and make them selfdestruct. The viruswas like a
Trojan horse, designed to trick the cancer cellsinto dying.

For awhile, this new treatment of tomorrow seemed to work. Rebecca recovered her usual sense of
humor, her memory improved, and she seemed to return to normal. " She had six good months,” says her
doctor.

Unfortunately, in May 1996, the latest MRI scan showed that the brain tumor was growing back. "Thisis
adesperate field," admits Roger Packer, a neurologist at her hospital in Bethesda, Maryland.

But 1996 also saw new hope for gene therapy. By replacing the mutated gene p-53, which isfound in
over 50 percent of all common cancers (which codes for a protein that weighs 53,000 atomic units),
doctors at the University of Texas were able to shrink lung tumors in two cases, stop lung cancer from
growing in three others, and even wipe it out completely in another.

Although no oneis claiming that thisis a cure for cancer, this kind of gene therapy may one day
revolutionize the way doctors treat cancer and genetic diseases. Gene therapy may eventually help to
combat HIV and even chronic diseases like Alzheimer's, mental illness, arthritis, and aging.

By 2020, doctors may well regard chemotherapy, radiation, and surgery to treat cancer with the same
dismay we now feel for the use of arsenic, bloodletting, and leeches to treat diseases years ago. By 2020,

entire classes of genetic diseases, including many forms of cancer, may be viewed the same way we view
smallpox today.

The Father of Gene Therapy

"The floodgates are wide open,” declares W. French Anderson, sometimes called "the father of gene
therapy,” who heads his own institute at
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the University of Southern California. "We've got the green light. We're going to have to proceed a step at
atime. But we are at the beginning of what promises to be the most exciting timein the history of
medicine. What an incredible time to be alive!”

Anderson predicts that, by 2020, not only will we have personalized DNA sequencing but "virtually every
disease will have gene therapy as one of its treatments.” His enthusiasm is shared by many of his
colleagues. Leroy Hood of the University of Washington has confidently predicted, "Over the next twenty
to forty years, we will have the potential for eradicating the major diseases that plague the American
population.”

Behind these auspicious predictions is the realization that the more we study diseases, the more we
understand and appreciate their genetic and even molecular origin. In fact, Nobel Laureate Paul Berg of
Stanford University even believesthat all diseases are, in the final analysis, genetic in nature. He says,
"Y ou can sit here for an hour, and you can't get me to conclude that any disease that you can think of is
not genetic."

Anderson, who dabbles in Formula One auto racing, archaeology, sports medicine, and his specialty, Tae
Kwon Do, the Korean martial artsform, is apioneer in this burgeoning field. He holds a fourth-degree
black belt, and for relaxation he occasionally slams hisright foot into a stack of wooden boards, cleanly
severing five at atime. He was even the chief physician to the U.S. Olympic Tae Kwon Do team in Seoul
in 1988.

Anderson likes to compare martial arts to doing research on the basic genetic mechanisms of the cell.
Science "is something best done without thinking, something transcendent, and intuitive,” he claims.
Unlike other sciences, whose basic laws are well established, gene therapy is a new, by-the-seat-of-your-
pants field that, like Tae Kwon Do, requires bold innovation and creativity as well as hard work.

In 1990, Anderson's team was the first in the world to get permission to perform an experiment that might
revolutionize science well into the next century: to fix the defective genes of a human being. Within afew
short years, aformidable army of doctors were following Anderson's lead and performing gene therapy
experiments on avariety of diseases. By 1993, there were 40 gene therapy trials. By 1996, this number
grew to 200, involving 1,500 patients. About 30 diseases are being studied, approximately half of them
involving cancer. Gene therapy experiments were absorbing $200 million of the NIH budget.

On these clinical trials ride the hopes and prayers of youngsters like Rebecca.
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Three Stagesin Medicine

Like computers, medicine is being thrust into its third stage by the biomolecular revolution, Anderson
claims. During the first stage of medicine, shamans and mystics painfully scoured the plant kingdom for
thousands of years looking for herbs that might scare dreaded spirits away, at times stumbling upon
valuable remedies that are used even today. Some of our common drugs have their origin during this
primitive but important stage. But for every herb that was, by trial and error, found to be effective against
certain ailments, there were thousands more which did not work, some of which even injured the patients.

For example, a country doctor who became one of the founders of the famed Mayo Clinic in Rochester,
Minnesota, recorded with rare candor that most of his potions were worthless, but there were two things
in his black bag which were guaranteed to work every time: morphine and his saw, which were used in
amputations.

In the second stage of medicine, which began after World War 11, the mass distribution of vaccines and
antibiotics temporarily vanquished whole classes of diseases. Abigail Salyers and Dixie Whitt, authors of
Bacterial Pathogenesis, write: "One of the main reasons for the elevation of physiciansto their current
status as respected professionals was that antibiotics actually enabled them to cure diseases for which in
the past they had only been able to provide ameliorative (and largely ineffective) therapy."”

Fortunately, we are now entering the third stage of medicine, "molecular medicine,” perhaps the most
exciting and profound of all. For the first timein history, each level of pathogenesis, protein for protein,
molecule for molecule, even atom for atom, is now being revealed. Like a general eagerly reading the
map of the enemy's defenses, scientists today can read a germ's complete genome and identify the
molecular weak spotsin its armor.

As Sherwin B. Nuland of the Yale University School of Medicine says: "In a 20-year period, the ancient

art of healing passed from the relatively simple and restricted optimism of the antibiotic erato the
seemingly endless vistas of the molecular age.”

The Scourge of Cancer
The one disease that has frustrated the most intensive crash program in history is at last yielding its

secrets to molecular medicine. Cancer, one of the most dreaded of all diseases, is the second leading
cause of death in
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the United States (after heart disease), killing half amillion Americans every year. It is also one of the
most pervasive. Altogether, there are 200 forms of cancer (affecting virtually every type of cell in the
human body). Unlike ordinary cells, cancer cells have lost their ability to stop dividing. They are
immortalthey proliferate without limit until they choke off normal bodily functions and kill the victim.
(This does not mean that each cancer cell isimmortal. Cancer cells can die, just like ordinary cells. The
difference isthat cancer cells proliferate indefinitely, so the cell lineisimmortal.)

Scientists are now on the threshold of a complete understanding of how cancer develops at the molecular
level. In the main, the mystery of cancer has been solved. Cancer has now been revealed to be a genetic
disease, and the precise sequence of four to six mutations necessary to create a cancer cell for many
common cancers is now known. Not only have the main genes involved been identified; scientists also
know the basic molecular steps through which anormal cell suddenly becomes cancerous.

"The pieces of the puzzle have finally falen into place," claims Robert A. Weinberg of MIT. Cancer
research centers are now bursting with activity asthey close in on the fine details of how cancers form
and grow. As Dennis Salmon, a cancer specialist at UCLA, says: "Thisisthe most exciting time
imaginable!"

Molecular medicine has already given us the answer to one of the central mysteries of canceri.e., why it
has such a bewildering variety of causes, from lifestyle, environment, viruses, toxins, diet, radiation,
tobacco smoke, animal fat, sex hormones like estrogen, etc. About 30 percent of all cancers, in fact, can
be traced to tobacco smoking alone. If we include the contribution from diet, we can establish alink to
roughly 60 percent of al cancers. And by comparing ethnic groups that mature in different regions (e.g.,
Africans and Japanese growing up in the United States), epidemiologists have determined that a vast
majority, perhaps as many as 70 to 90 percent, of all cancers can be correlated to the environment and
lifestyle.

A Unified Theory of Cancer

There are two major kinds of genesinvolved with cancer: oncogenes and tumor suppressors. To
understand how they work, think of a speeding car which has both an accelerator (oncogene) and a brake
(tumor suppressor). One speeds up the car, the other stopsit. The car can go out of control in two ways:
either the accelerator can be stuck (an activated oncogene) or the brake can be defective (an inactivated
tumor suppressor). In other
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words, acell can go berserk either if it divides uncontrollably or if it losesits ability to stop dividing.

Scientists have found over 50 types of oncogenes for cancer of the breast, colon, bladder, and lungs.
These oncogenes include the gene which codes for the protein p-21 (which derives its name from the fact
that it weighs 21,000 atomic units, or as much as 21,000 hydrogen atoms), as well as p-60.

The second class of genes that can cause cancer, the tumor suppressors, include mutated versions of the
genes DCC and especially p-53, which scientists are now realizing are found in the magjority of common
cancers. Unlike the oncogenes, these defects occur in genes which normally shut off the reproductive
process; with mutations in these genes, the cells reproduce out of control, almost forever.

Doctors expect to have by 2020 almost a complete encyclopedia of perhaps hundreds of oncogenes and
tumor suppressor genes, giving us an understanding of the molecular basis for cancer and opening up
scores of new ways of attacking it.

P-53: The Key to Most Cancers

One reason why scientists feel confident in predicting that whole classes of cancers may be curable by
2020 isthat most cancers are caused by mutations in just a handful of genes, the most significant being p-
53. Although hundreds of genesinvolving cancer may exist, the key to curing most cancers may be to
focus on the common ones implicated in the vast majority of cancers and neutralize them via gene
therapy or "smart molecules.”

Every year, we find that mutated versions of p-53 are implicated in more and more cancers, from cancer
of the lung, colon, breast, esophagus, liver, brain, and skin to leukemia. It has been found in 52 common
forms of cancer, and the percentage of cancersthat have faulty p-53 is staggering: 90 percent of all
cervical cancers, 80 percent of all colon cancers, 40 to 60 percent of all ovarian cancers, 35 to 60 percent
of all bladder cancers, and 50 percent of all brain cancers. "This quite clearly is the most commonly
mutated gene we've yet found in human cancers," notes Bert Vogelstein of the Johns Hopkins School of
Medicine. It is so important that scientists have dubbed p-53, when it functions normally, the "guardian of
the genome.” P-53 is so essential for cancer formation that in 1994 Science magazine named it "Molecule
of the Year."

Understanding p-53 has also solved some long-standing mysteries which have dogged the field for
decades.

P-53 normally prevents reproduction in a damaged or mutated cell and
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promotes cell suicide (called apoptosis). When p-53 is mutated or neutralized, deranged cells can
continue to proliferate within the body, thereby creating tumors.

Aswe now understand, the reason for its appearance in awide variety of cancersliesin its molecular
structure; it is extremely long and delicate (consisting of 2,362 base pairs). Mutationsin p-53, whichis
located on the short arm of chromosome 17, can occur at over 100 sites along the gene. Hence, p-53is
riddled with potential sites for mutations. (By contrast, other commonly found genes involving cancer
usually have harmful mutations occurring at only a half dozen sites.)

The gene is actually an aggregate, consisting of four or more identical copies of asmaller subunit. All
four subunits must act correctly in order for p-53 to properly control cell multiplication. The fact that p-53
is such an unwieldy molecule makes it particularly vulnerable to mutations. For example, colon cancer
results from the mutation of perhaps four to six genes. A typical cancer of the colon may proceed in the
following fashion: the loss of function of the APC gene, the activation of the K-ras gene, and the loss of
the DCC and p-53 genes.

This, in turn, solves one of the central riddles of cancer, why it often takes twenty to forty yearsfor a
cancer to develop after the first exposure to radiation, asbestos, and other carcinogenic materials. The
reason it takes so long is that a series of multiple mutations must occur before the growth mechanism of a
cell isfinally disrupted. This successive disabling of the cell's reproductive mechanism usually takes
time, often decades, to occur.

All this has tremendous practical implications. Blood tests are becoming available to find out if people
have a mutated version of p-53. Although it takes three to five more mutations to trigger a cancer, a
mutation in p-53 may be the most important of them all. By 2020, tests for defective p-53 and hundreds
of other genesimplicated in cancer will be commonplace.

Second, gene therapy will target defective p-53 genesto seeif they can be replaced by a normal version
of the gene.

Third, p-53 will give us an understanding of why certain classes of chemicals and agentsin the
environment cause cancer. P-53 has several "hot spots' where chemical toxins can bring about mutations.
For example, aflatoxin, a potent cancer-causing chemical found in moldy food, which can lead to liver
cancer, is known to cause a mutation in p-53 by changing G to T. By analyzing the ways in which certain
chemicals cause mutations in p-53, one may be able to understand why environmental factors and toxins
can cause cancer.

Such discoveries could significantly affect the fortunes of multibillion-
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dollar industries. The tobacco industry, for example, has been able to defeat lawsuits brought by the
families of smokerswho died of lung cancer by claiming that no one can definitely prove that tobacco
smoke causes cancer. Since the link between tobacco smoke and lung cancer isindirectly established
through epidemiology and statistics rather than biochemistry, the tobacco industry has always claimed in
court there is no "smoking gun” which implicates tobacco smoke.

All this changed in 1996, when scientists proved that the chemical benzoapyrene diol epoxide (BPDE),
which is commonly found in tobacco smoke, causes a characteristic set of mutations in p-53 at three
specific sites. These three mutations are the "fingerprint” of BPDE and are easily detected in p-53
mutated by tobacco smoke. These are precisely the mutations implicated in lung cancer.

Since over 400,000 Americans die of lung cancer each year (80 to 90 percent linked to smoking,
according to the American Cancer Society), this could have enormous political and economic
repercussions. In the future, lawsuits may be decided on the basis of whether cancers can be traced to
specific molecular "fingerprints' along key genes such as p-53, p-16, ras, and so on.

By 2020, scientists will have found the genetic fingerprints of hundreds of different kinds of chemical
pollutants in our environment. By matching a person's cancer with the genetic fingerprint left by a
carcinogen, scientistsin many cases will be able to tell precisely what gave this person cancer. This could
have a profound effect on how pollutants are regulated and who pays for the damage. It may also help
solve the mystery of why breast cancer is on the rise in the West, which has stumped epidemiologists
around the country.

But perhaps one of the most intriguing discoveriesin recent years involves something called telomeres,
which are now recognized as akind of biological "clock.” By resetting the clock, one may be able to
order cancer cellsto die.

Telomeres: The "Fuse" for Cancer

Since the beginning of cell research, scientists have dreamed of being able to understand the mysterious
biological clock that determines when normal cells die and explains why cancer cells are immortal.
Within the last few years, this clock has been discovered, opening up an entirely new field for the twenty-
first century.

Since the 1960s, scientists have known that cultured cells of newborns will divide 80 to 90 times, whereas
cells of seventy-year-oldswill divide
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only 20 to 30 times. But if acell contains atime bomb, then what is the fuse? We now know.

In the 1970s, it was noticed that the ends of our chromosomes have a"cap” on them called telomeres,
much like the plastic tips on the ends of shoelaces that prevent them from getting frayed. If these
telomeres are lost, then the chromosomes stick to each other and the cell eventually dies. In anormal cell,
the telomere fuse gradually becomes shorter and shorter, until the cell commits suicide. When the fuseis
gone, that is the end of the cell. But certain abnormal cells, we now understand, have the remarkable
ability to keep the telomere fuse perpetually long. They become immortal. Such cells are called cancer
cells.

Close examination of the telomeres showed they consisted of the genetic sequence: TTAGGG. . .
repeated over and over again, up to 2,000 times. It was found that the older the cell, the shorter the
telomere. The cell loses about 10 to 20 of these segments every time it dividesthe fuse gets shorter after
each division. It was theorized, therefore, that when the fuse (telomere) gets too short after too many cell
divisions, the telomere disappears and the cell dies.

In 1984, the enzyme "telomerase" was discovered; this enzyme could reverse the process and lengthen the
telomeres, thereby preventing cell suicide. Telomerase, however, is absent in most cells of the body.

In 1994, Christopher M. Counter, Silvia Bacchetti, and their colleagues at McMaster University made a
crucial discovery. They showed that telomerase is found in awide variety of cancers, which have a
genetic mutation allowing them to manufacture telomerase. This, in turn, prevented their telomeres from
disappearing and thereby made them immortal.

With these discoveries, we now have aworking hypothesis about cell aging, cell death, and cancers. The
telomere acts like a clock which measures the process of cell aging and death. The shorter the telomere,
the older the cell. Cancer cells, because they can manufacture telomerase, which freezes the contraction
of the telomeres, "have forgotten how to die," as Samuel Broder, director of the National Cancer Institute,
putsit.

This discovery opens up new avenues for cancer detection and therapies in the twenty-first century. One
method would be to detect telomerase in the body. Since normal cellslack telomerase, the presence of
this key enzyme would signal the presence of growing cancer cells. Another possibility isto neutralize
the telomerase, so that cancer cells begin to age normally. Since telomerase is not found in normal cells,
this therapy would target only cancer cells. (Chemotherapy, by contrast, acts more like a blunderbuss,
striking normal and cancer cells alike.)
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Cancer in 2020

Cancer, becauseit isacrazy quilt of at least 200 different kinds of diseases, one for every kind of human
tissue, will not be cured in its entirety by 2020. As Richard Klausner of the National Cancer Institute
says. "There will never be asingle cure for cancer.”

However, by 2020 scientists should have an almost complete catalog of the mutationsinvolved in these
200 cancers, which will trigger an explosive growth in radically new cancer therapies and detections,
including avariety of startling new strategies for attacking cancer's molecular weak spots and
vulnerabilities.

There are several new avenues generating intense interest, many of which should reach fruition by 2020.

The first has to do with cancer detection. Imagine being able to detect atiny colony of cancer cellsa
decade before a visible tumor forms. Extremely sensitive tests are now being devised (and will soon hit
the market) which can detect infinitesimal amounts of proteins that are emitted by only afew hundred
cancer cells asthey grow and eventually create blood vessels. These proteins can be detected by
analyzing one's urine and blood. Similarly, doctorswill be able to test directly for the presence of cancer
genes in our genetic makeup. About half of all cancers are found in our hollow organs (lung, colon,
bladder), which often have a mutant ras gene. By devising simple testsin our urine and blood for the ras
gene (which in the future will be performed in our own home), we will be able to detect a majority of al
cancers years before they form tumors or spread.

The second approach has to do with the devel opment of natural cancer fighters. Science is beginning to
understand at the molecular level why certain natural products and vitamins help guard against cancer.
Genistein, which is found in soybeans and cabbage, is found in high concentrations in the Japanese diet
and is known to suppress the formation of blood vessels in cancer tumors. (The Japanese, in fact, have
concentrations of genistein in their urine 30 times that of Westerners.) Antioxidantsin foods (like vitamin
C and E, and lycopene in tomatoes, catechinsin berries, and carotenoids in carrots) are known to reduce
the mutation rate in cells by suppressing free radicals. Other vegetables contain chemicals that create
enzymes which protect against cancer (such asindolesin cabbage, limonoidsin citrus fruits,
isothlocyanates in mustard).

The third approach is enhancing the immune system. Normally, the antibodies created by the immune
system are not sufficiently powerful to target a cancer cell. One can, however, create "monoclonal
antibodies,”
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or chemicals which specifically target the proteins found on the surface of the cancer cell. After an initial
wave of enthusiasm for such antibodies, the scientific community experienced intense disappointment.
But Lloyd Old, formerly of the Memoria Sloan-Kettering Institute for Cancer Research in New Y ork,
says, "The concept remains sound, and slow, steady progressis being made in devel oping antibody
therapies.”

A fourth approach has to do with targeting cancer genes. Gene therapy can inject the correct gene to
replace the defective ones causing the cancer. Scientists have successfully injected the correct p-53 gene
into cancer cellsin cell cultures, thereby stopping their reproduction, and are performing human
experiments as well. Alternatively, scientists could develop inhibiters to block the defective protein
created by the cancer gene. For example, the protein produced by the ras oncogene can be stopped by
farnesyl transferase inhibitors.

A fifth approach centers on cancer vaccines. Although this approach was one of the first to be tried and
was later abandoned, new interest in cancer vaccines has been stimulated by the biomolecular revolution.
With modern techniques, one can accurately monitor the effectiveness of certain vaccines, which was
almost impossible before.

A sixth approach doctors can take is to shut off the cancer's blood supply. In order for a cancer to grow
beyond the size of a pea, it has to stimulate the growth of blood vessels and capillaries to supply
nourishment for the tumor. This process of growing blood vesselsis called "angiogenesis." The strategy
to block blood vessel growth isto develop angiogenesis blockers. Already, thirty biotech firms around the
world are creating such angiogenesis blockers, such as TNP-470, some of which are now in clinical trials.

Y et another approach targets telomerase. If we can neutralize telomerase, we can make the cells mortal
again, just like other cells.

No one knows precisely which therapy will be most effective against cancer. But the point is that the
biomolecular revolution has now cracked the mystery of cancer and has given us a wealth of extremely
promising new avenues for attacking cancer which will eventually replace the primitive tools of
chemotherapy, surgery, and radiation available today.

Many scientists believe that by 2020 entire classes of cancers may be curable.

Hereditary Diseases. Ancient Scourge

By 2020, the biomolecular revolution may also bring another class of ancient diseases under control:
hereditary diseases.

Stephen Hawking, one of the world's great cosmologists, suffers from
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ALS (amyotrophic lateral sclerosis), the same hereditary disease which took lives of baseball player Lou
Gehrig, Senator Jacob Javits, and actor David Niven. Although Hawking's thinking is as sharp and
penetrating as ever, he hastotally lost control of his hands, arms, legs, tongue, even hisvocal cords, and
communicates with the world via a voice synthesizer while sitting completely helplessin awheelchair.
He performs all his complex mathematical manipulations entirely in his head.

Throughout history, horrible genetic defects such as AL S have tormented the human race. Frédéric
Chopin may have suffered from cystic fibrosis, Henri de Toul ouse-L autrec from pycnodysostosis,
Vincent van Gogh and King George 11 from acute intermittent porphyria (causing intermittent bouts of
insanity), songwriter Woody Guthrie from Huntington's disease, and Niccol 0 Paganini from Ehlers-
Danlos syndrome.

There are about 5,000 human genetic diseases, including muscular dystrophy, hemophilia, cystic fibrosis,
sickle-cell anemia, and Tay-Sachs disease. Genetic diseases take a particularly heavy toll among the
young, resulting in one-fifth of al infant mortalities, half of all miscarriages, and 80 percent of all cases
of mental retardation. Genetic diseases afflict perhaps 15 percent of the general population, but if one
considers diseases which are polygenic or have a strong genetic component (such as cancer, Alzheimer's
disease, diabetes, and cardiovascular disease), then they account for fully 75 percent of al deathsin the
United States.

Although medicine was helpless for thousands of years against these ancient diseases, molecular
medicine promises us new therapies and strategies in the battle against them, and possibly even cures.

However, it is a battle that must be waged indefinitely, because there is a never-ending struggle between
evolution (which gradually eliminates these harmful genes by natural selection) and mutations (which are
constantly being replenished by random errors, cosmic rays, toxins, environmental contaminations, etc.).
In each generation, afew hundred mutations occur in the DNA of each one of us. If we assume that a
small percentage of these are harmful, then perhaps two or three harmful genes creep into our bodies by
mutation. Thus perhaps 10 billion new harmful genes enter the human gene pool every generation. Asa
result, the battle against genetic disease will never end.

How Hereditary Diseases Have Altered History

Only in the last ten years or so, with the coming of biotechnology, have these genetic diseases finally
been understood at the molecular level. But some genetic diseases have been recognized for millennia.
Hemophilia, arare blood disease which prevents the blood from clotting normally, was
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known as far back as biblical times. The Talmud excused male babies from circumcision if the child had
siblings who bled uncontrollably; it also recognized that the disease was hereditary, passed from the
mother to the son. These diseases have even altered the destiny of nations, often because of intense
inbreeding within the ruling monarchies of Europe.

In the eighteenth century, King George 111 of England suffered from periodic bouts of madness brought
on by acute intermittent porphyria. It was, apparently, during one of these episodes of dementiathat his
Prime Minister, Lord North, mismanaged his American colonies, thereby triggering the American
Revolution and the birth of the United States. In the nineteenth century, one of his successors, Queen
Victoriaof England, was a carrier of hemophilia; when many of her nine children married, they spread
the hemophilia gene into the royal courts of Europe, creating havoc. (Three of her daughters were
carriers, like herself, and her son Leopold was a hemophiliac.) "Our poor family seems persecuted by this
disease, the worst | know," she lamented. In Russia, Victoria's gene was passed on to her granddaughter
Alexandra, who married Czar Nicholas I1. Their son Alexis had hemophilia, and the unscrupul ous but
charismatic monk Rasputin used his hypnotic powers to control his bleeding and thereby exert enormous
power over the royal family. Some historians claim Rasputin paralyzed the Russian royal court, delayed
badly needed reforms, and helped set the stage for the Bolshevik Revolution of 1917. As geneticist Steve
Jones of University College, London, writes: "It is odd to reflect that both the Russian and the American
Revolutions may have resulted from accidents to royal DNA."

Many of these diseases have heartbreaking symptoms which lead to a slow, painful death. Some of them
are truly bizarre, like Lesch-Nyhan syndrome, which affects 2,000 people in the United States, in which
young patients literally chew off their fingers uncontrollably in fits of selfmutilation. Other genetic
diseases can be horribly disfiguring, such as neurofibromatosis, affecting one person in 4,000, in which
the victim's skin is covered with scores of tiny brown tumors. (The most famous victim of this disease
may have been John Merrick, the celebrated "elephant man" of the late nineteenth century.)

Historically, the most feared hereditary disease is Huntington's disease, which has long been associated
with witchcraft and devil worship (including the famous Groton witch of 1671). Families of victims were
mercilessly harassed and exiled into camps as if they were lepers. Patients with Huntington's gradually
lose control of their muscles and their mind. The body often undergoes violent convulsions and bizarre
dancing movements until it is covered with black-and-blue spots. Many die of respira-
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tory problems or starvation, because their violent flailing is so fierce they cannot be physically fed. In the
United States, it affects some 30,000 people and 150,000 more are at risk.

Some genetic diseases, such as muscular dystrophy, have become well known because of televised fund-
raisers.

Many genetic diseases affect specific races and ethnic groups:

Cystic fibrosis. Thisisthe most common genetic ailment affecting Caucasians. CF is potentially a
widespread problem, because as many as one in every 25 Caucasiansis acarrier. In the white population,
it affects onein 1,800 babies and strikes 35,000 young people in the United States and Canada. About
1,000 new cases of this disease are recorded each year in the United States.

CF isaparent's nightmare: the disease thickens the mucusin children's lungs, which weakens the
lungs and clogs the pancreatic ducts, so the body cannot digest nutrients well. One of the earliest
records of this disease dates from the Middle Ages, when there was a common adage among the
people of Northern Europe: "Woe to that child which when kissed on the forehead tastes salty. He is
bewitched and soon must die."

Tay-Sachs. Fortunately, screening for certain diseases has brought some genetic defects under control,
even without gene therapy. Tay-Sachsis one example. It affects one in 3,600 Jewish children of mainly
Eastern European descent. Within this population, as many asonein 30 isacarrier of this disease. Tay-
Sachs attacks the nervous system; children appear normal at birth, but then suffer progressive mental
retardation, blindness, loss of muscle control, and usually death before age four.

Sickle-cell anemia. This disease strikes 4,000 children per year in the United States, mainly African-
Americans. Roughly one in 500 African-Americans has this disease, but as much as 10 percent of the
entire African-American population are carriers. It is a chronic disease in Africa, where 120,000 children
are born with it each year. In South Africa, as many as 40 percent of the people have the gene.

From Now to 2010: Gene Hunting

By 2005, when the first human DNA is completely decoded, scientists will have a broad map on which to
locate the genes of our bodies. By 2010, we should have a genetic listing of almost all 5,000 genetic
diseases.

At times, searching for these defects can be slow. As Francis Collins has said, locating a particular gene

from scratch, without any guideposts, is like "trying to find a burned-out lightbulb in a house located
somewhere between the East and West coasts without knowing the state, much less
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the town or street the house is on." Imagine, for the moment, assembling all the tel ephone books listing
the people in the United States. Let us say that we are looking for just one misspelled name out of 3
billion letters. Possessing the compl ete collection of phone books for the country does little to identify the
single misspelled letter.

So far, in decoding the mystery of hereditary diseases, the biomolecular revolution has aready revealed
some surprises. In general, the defective genes found are extraordinarily long, which vastly increases the
probability of error. In many cases, a hereditary disease is caused by a single error. Other times, it is
caused by strange repetitions of certain genetic fragments.

Hereisabrief listing of some of the genetic errors that have so far been isolated, which reveal how even
the tiniest of misspellings within the human genome can cause unending suffering.

Huntington's disease. Located on the short arm of chromosome 4, the Huntington's gene I1T-15 is 200,000
base pairslong. Thisgeneisinvolved in producing two brain neurotransmitters, acetylcholine and gamma
aminobutyric acid. In normal people, thereis arepetition of the triplet CAG, which may repeat up to 11 to
34 times. In adiseased patient, the CAG repeats far more than that, sometimes more than 80 times, and
causes dramatically reduced production of these two chemicals. The longer the triplet repeats beyond a
total of 40, the more severe the disease.

Cystic fibrosis. In 1989, the gene was finally identified by Francis Collins and Lap-Chee Tsui on
chromosome 7. It is 250,000 base pairs long. CF can be caused by the omission of asfew as three base
pairs, an infinitesimal fraction of the total. The mutation is caused by the following deletion of
nucleotides:

ATCTTT - ATT

This, inturn, triggers cystic fibrosis by deleting just one amino acid (phenylalanine) out of the
1,480 amino acids for which the gene encodes.

Lesch-Nyhan syndrome. This disease is caused by a single mutation which renders a key gene on the X
chromosome, which stretches for 50,000 base pairs, incapable of producing the enzyme HGPRT
(hypoxanthine guanine phosphoribosy! transferase).

Duchenne's muscular dystrophy. In 1986, scientists finally isolated the gene for Duchenne's, which
produces a protein called dystrophin. It's one of the longest genes so far isolated, stretching across 2.5
million
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base pairs. In fact, its extraordinary length explainsits high rate of mutation.

Unfortunately, although we should have a good listing of the precise mutations causing thousands of
genetic diseases by 2010, it may take until 2020 or beyond before we have cures for many of them.

"The gap between the ability to diagnose and the ability to treat genetic diseases could well be fiveto
twenty years or more," states Leroy Hood of the University of Washington.

In this never-never land before gene therapy becomes areality, how can the information we have learned
be applied? Nancy Wexler, who helped to track down Huntington's disease, notes that some people, upon
being told that they have an incurable genetic disease, "end up hospitalizednot for the disease, but for
depression."”

Ultimately, the most promising strategy to combat genetic diseasesisto directly intervene via gene
therapy.

The Final Frontier: SCIDS

Gene therapy is the path advocated by W. French Anderson of the University of Southern California, the
leading pioneer in the field. Anderson istackling arare hereditary disease called SCIDS (severe
combined immunodeficiency diseases), which the press has dubbed the "bubble boy syndrome.” The
most famous case was "David," achild born without a normal immune system, who could be killed by the
common cold. David spent his life imprisoned in a sterilized plastic bubble; even his mother could hug
him only through special plastic gloves. Without healthy white blood cells capable of warding off
diseases, children with SCIDS usually succumb to disease in childhood. Before he died in 1984, David
became a symbol of the terrible hereditary diseases which have stalked the human race.

Curing defective genesis no trivial task; the body contains 100 trillion cells. However, millions of years
of evolution have created perhaps the most efficient "vector" for altering these cells: the virus. By first
neutralizing avirus (so it cannot make the patient sick), scientists can insert the correct gene into the
virus, and then insert the virus into the patient.

Anderson's experiments may prove to be the prototype for gene therapy in 2020. He first extracted blood
from his young patients, and then infected the blood with the modified virus. After the virus infected the
blood and inserted the correct gene into the blood cells, the blood was injected back into the patient. The
world's first such gene therapy patient was afour-year-old girl, Ashanthi DeSilva. In 1995, Anderson's
team
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claimed that 50 percent of the child's white blood cells had their genetic mechanisms corrected.

After seven intensive years of gene therapy experiments, however, many of the results are still
disappointing. One frustrating problem is that the body's immune system sometimes attacks the virus and
the modified cells, thereby preventing the corrected genes from proliferating in the body. The entire field
was reeling from the impact of a scathing 1995 report to the NIH, which stated that gene therapy was
"oversold" to the American people and that most of the experiments had failed to show any significant
medical progress.

David Rimoin of the Cedars-Sinai Medical Center, echoing the skepticism of the report, has said, "Y ou
need a smart bomb to get the DNA to the right place, and a smart detonator to set it off at the right time,
and for the most part, those mechanisms are not yet available."

People with cystic fibrosisin the trials, for example, suffered complications when their immune system
reacted negatively with the injected virus, the "smart bomb" which was carrying the correct gene.

The report was a sober reality check to gene therapy, but certainly not a deathblow. Y es, experiments
were overblown. Y es, the experiments have in the main failed to show much progress. But that does not
dampen the optimism of scientists and victims of genetic diseases.

AsFrancis Collins says: "Thisis anew field. Would you criticize a baby while till inits cradle for not
getting up and quoting Shakespeare? Come on, give us a break here!”

Since that 1995 report, there have been a number of partial successes. As noted earlier, the University of
Texas group found tumors reduced in size or even eradicated totally when gene therapy with p-53 was
carried out.

The NIH's Michael Blaese, a collaborator of Anderson's, has stressed that the progress of gene therapy
can be compared to the initial flights of the Wright brothers. Although there were those who snickered at

the strange experiments conducted by these bicycle makers, their logic and science was sound, and within
afew decades the air was filled with flying machines.

From 2020 to 2050: Polygenic Diseases

In asense, the intensive progress in genetic diseases we will make from now to 2020 is deceiving. The
exponential growth in our understanding of our genome is due to the computerization and automation of
DNA sequencing.

Progress beyond 2020 will become increasingly difficult as we confront
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the next class of genetic diseases: polygenic diseases, diseases caused by more than one gene. A cure for
polygenic diseases may still be elusive far into the foreseeable future because they are caused by the
interaction of an unknown multiplicity of genes. Thus, the techniques for isolating the genes for
polygenic diseases are not easily computerized. Furthermore, they may need to be triggered by some
unknown change in the environment.

One such disease is schizophrenia, which slowly destroys the mind and spirit of a human being, leaving
him or her at the mercy of disembodied voices. Nature called it "arguably the worst disease affecting
mankind." This disease, which strikes 1 percent of the human race, uses up 30 percent of all hospital beds
in the country, more than any other disease.

There is adefinite genetic link to schizophrenia. However, the link is weak: for twins, thereis a 50
percent chance that one twin will be schizophrenic if the other twin is, which means that there is a definite
genetic component to the disease. But the fact that thisis not a 100 percent correlation indicates that

many genes are involved, some of which may be triggered by cues from the environment.

There istantalizing evidence that at least one of these many genes for schizophrenia lies on chromosome
5. In 1988, Canadian scientists found that, in one clan with 104 family members, 39 were schizophrenic
and 15 had other mental disorders. The chances of this being purely random is one in 50 million.
However, the hope that this was the only gene for schizophrenia was dashed when other studies found no
link to chromosome 5. In 1995, another series of studies showed promising clues in chromosome 6, in the
area known as 6p21 through 6p24.

Walter Gilbert believes that by 2010 many of the genes for schizophrenia may be found. By 2020 we will
probably have a good understanding of how these genes interact with each other and with the
environment, but it islikely that a cure will still be elusive.

From 2020 to 2050: Germ-Line Therapy?

So far, the excitement about fixing our genes has focused on somatic cell gene therapyi.e., cellsin our
body which are not involved with reproduction. When the individual dies, the corrected genes die with
that person. More controversial is germ-line gene therapy, which involves manipulating the DNA of our
sex cells. In principle, germ-line therapy can banish genetic diseases in future generations. If successful,
descendants would never again have to fear a particular hereditary disease. But such therapy also raises
grave moral and ethical questions, which I'll ad-
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dressin Chapter 12, since it involves tinkering with the DNA of the human race.

Scientists expect someday to make eye-opening discoveries which will make germ-line therapy arealistic
possibility for humans. Scientists can already perform simple germ-line manipulation in animals, and
there is no foreseeable barrier to extending this technology to humans. It is clearly atechnology that has
the potential to be used in disturbing as well as beneficial ways.

< previous page page 180 next page >



< previous page page 181 next page >
Page 181

9
Molecular Medicine and the Mind/Body Link

"| start with the premise that all human disease is genetic."
PAUL BERG, Nobel Laureate

"My crystal ball tells me that an increased under standing of the immune system and an increased
ability to manipulate it genetically will have a major impact in the next ten to twenty years."
STEVEN ROSENBERG, chief of surgery, NIH

In 1994, The British Tabloid Press screamed the headline: "Flesh Bug Ate My Brother in 18 Hours!"
Gruesome pictures of people's faces being eaten by killer microbes dominated the news. The next year,
the headlines blared a grim tale about an Ebola outbreak in Zaire. Emergency teams from around the
world quickly converged on rural villagesin Zaire to halt the spread of this mysterious, incurable disease,
which kills over 90 percent of its victims. The fact that Ebola does not spread very rapidly (because it
killsits victims so swiftly they have no time to infect many others) did not stop ajittery public from
snapping up any book on the subject, sending severa soaring onto the best-seller lists.

Twentieth-century medical science, it seems, was caught by surprise with the horrid tales of "flesh-

eating" bacteria, the Ebola outbreak, the unrelenting spread of AIDS, the "Mad Cow" disease, the deaths
of

< previous page page 181 next page >



< previous page page 182 next page >
Page 182

schoolchildren dueto E. coli 0157:H7, and the arrival of waves of bacteria resistant to all known
antibiotics.

For the past fifty years, the successes of twentieth-century medical science have been so dramatic that
doctors were lulled into thinking that many infectious diseases had been conquered forever, only to find
new lethal strains of such diseases endangering society.

Back in 1969, the Surgeon General of the United States, William H. Stewart, solemnly announced that it
was "time to close the book on infectious disease." Many futurists, echoing his comments, predicted that
the world would be free of infectious diseases in the twenty-first century. In fact, as we're discovering, the
reverseistrue, asthe equivalent of amedieval bestiary of microbes makes an unpleasant comeback.

Doctors did not fully appreciate the fact that bacteria and viruses are constantly mutating and evolving,
sometimes millions of times faster than humans, to evade and overcome our best defenses. Despite the
efforts by modern medicine, infectious diseases, which have been on the earth for billions of years before
humans, will probably be around for several billion more.

But even as the news headlines announce resistant and incurabl e diseases which are now breaching our
medical defenses, the real story isbeing missed: we have a new weapon in our ancient, perpetual war
against disease. The powerful convergence of the quantum, computer, and DNA revolutionsis giving
birth to anew science, "molecular medicine," which promises to offer new ways of combating the
challenges posed by these virulent infectious diseases in the twenty-first century.

Already, new medicines are being created by analyzing the molecular weak spots of diseases on the
computer, in virtual reality. HIV isthefirst virus to be attacked by the full force of molecular medicine. It
has been systematically taken apart, protein for protein, amost atom for atom, until all its molecular weak
spots have been exposed. As aresult, for the first time, scientists have new hope for apossible cure. The
concentrated attack on HIV will set the pace for molecular medicine in the twenty-first century.

By 2020, doctors will possess voluminous catal ogs containing the compl ete genomes of hundreds of

viruses and bacteria, aswell as our personalized DNA sequences, giving us an unprecedented view into
the inner machinery of how diseases enter our body, reproduce, and cause their debilitating effects.
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Molecular Medicine Through 2020: Eliminating Killer Viruses

One of the missionsin the twenty-first century of the Centers for Disease Control and Prevention (CDC)
in Atlanta and the heavily guarded facilities at Fort Detrick at the U.S. Army Medical Research Institute
for Infectious Diseases in Frederick, Maryland, is to control the outbreak of viruses, "the greatest threat to
the survival of our species.” The outbreak of a”"Doomsday Virus," such as an airborne AIDS or Ebola
virus, could threaten the very existence of human life.

One of the greatest killersin human history has been the virus for smallpox. This disease, which probably
crossed over from animals to humans about 10,000 years ago, has been a deadly killer of humans ever
since. It laid waste to Alexander the Great's army in the fourth century B.C. and killed Roman emperor
Marcus Aurelius. It has destroyed entire cultures and has torn apart great empires. As late as the 1960s, it
afflicted 10 million people worldwide and killed more than 2 million people every year.

But back in 1966 the UN's World Health Organization (WHO) began a massive antismallpox vaccination
program targeting thirty-one countries. As the number of smallpox cases plunged rapidly to zero, the life
cycle of smallpox (which infects only human hosts) was finally broken. WWhen no new infections were
reported, the chain of infections was finally shattered. By May 8, 1980, the World Health Assembly
officially declared smallpox eradicated.

Today, there are only two vials of the deadly smallpox virus left on earth: one in the maximum-security
wing of the CDC in Room 318B and one 5,000 miles away in Russia, at the Research Center for Virology
and Biotechnology in Koltsovo, Novosibirsk. In June 1999, scientists at the two centers are scheduled to
simultaneously heat up their samples to 250 degrees Fahrenheit and eradicate smallpox from the face of
the earth.

This spectacularly successful campaign, in fact, sets the tone for public health campaigns well into the
twenty-first century, when other diseases are expected to be systematically hunted down and eliminated
forever. By 2020, other diseases will join smallpox in the maximum-security wing of the CDC, including
polio and leprosy, which the WHO expects will be eliminated around 2000. Scientists expect measles to
be eliminated soon after that. Other diseases that may join the list include neonatal tetanus,
dracunculiasis, Chagas disease, and onchocerciasis. More difficult but also possible are tuberculosis and
malaria.

By 2020, Building 15, not far from Room 318B, will contain arogues gallery of the greatest killersin
human history. It will also be a death row
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for these diseases, housing the last vials of these diseases before they are heated up. To prevent any
escapes, these rooms are kept continually at the highest level of security, called biosafety level 4 (BSL4),
which is sometimes dubbed "the hot zone" or "blue suit lab," and are kept at negative pressure, so air will
flow inward, rather than outward releasing the virus. These viruses are so dangerous that each worker
dresses asif for atrip to outer space. One doctor described the feeling of being on the BSL4 floor: "Once
inside the lab in the suit, you're pretty much isolated. It's just you and your air hose. It's a bit like scuba
diving."

But although smallpox and certain other diseases may face extinction early in the next century, outbreaks
of diseases like Ebola are expected to increase. Ebolais one of several "emergent” diseases, probably
ancient pathogens which crossed over from animals and infected small, isolated villages for centuries. It
islikely that modern technology and development released them to the general population.

By 2020, with scientists possessing a vast encyclopedia containing the DNA and RNA genomes of
hundreds of animal and human viruses, they will be able to reconstruct their broad evolutionary history
and their family tree relatively quickly. Although viruses mutate extremely rapidly, even an entirely new
virus will have some DNA that resembles the DNA of some known virus.

To visuaize the virusitself at the atomic level, scientists will crystallize the viral sample and placeitin
the beam of an X-ray machine. Often, the shape of the virus yields important clues as to how it latches on
to a human cell, penetrates the cell membrane, and hijacks its reproductive machinery to produce copies
of itself. At present, only few viruses have been decoded at the atomic level. By 2020, however, the
atomic structure of hundreds of viruses will be known.

This technique was first demonstrated in 1985 when scientists were able to obtain a complete three-
dimensional molecular picture of avirus, rhinovirus 14, one of 200 to 300 viruses that cause the common
cold. Physicists placed the crystallized rhinovirusin an atom smasher, which hit the crystal with an
intense beam of X-rays. The deflected X-ray beam produced 6 million bits of data, which were then fed
into a Cyber supercomputer. Because of the complexity of the information, it took about a month of
computer time to finally reassemble the virusin its memory and give a three-dimensional representation
of the virus.

The computer printout revealed a surprise: the virus looked very much like a soccer ball, with twenty
trianglesthat fit together making a rough sphere. The skin of the soccer ball consisted of a protein coat;
inside were the nucleic acids. By analyzing the three-dimensional structure of the soccer ball, it was easy
to see how the virus evaded the human body's
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defenses. These trianglesfit together very tightly, making it difficult for antibodies to penetrate the
defenses of the virus. We can also see why it is so easy to contract colds.

Analyses of other viruses by X-ray diffraction show that some resembl e space capsules with specialized
mechanisms to grab on to cells and penetrate them. One virus resembles a spaceship with landing gear, by
which it docks with the "mother ship” (i.e., the cell). Similarly, these techniques have given us new
insight into how rabies and polio operate.

Discovering the three-dimensional shapes of hundreds of these viruses should give us the ability to create
new ways to penetrate their defenses.

The Origins of Viruses

For most of human history, the origin of viral plagues was a complete mystery, making them extremely
difficult to prevent. But by 2020, scientists will know the molecular origin of entire classes of viruses,
which will give usimportant clues on how to contain and fight them.

It was long thought, for example, that most viruses originate as crossovers from animals. But this was just
speculation until the coming of molecular medicine. The flu virus, for instance, isone of thefirst viruses
to have its genome traced back into the past, to reveal itsintriguing and curious origin in the animal
kingdom.

The influenzavirus has been one of the great scourges of humanity. The worldwide pandemic of 1918,
for example, killed over 20 million people, more than the number killed during World War 1. Fully half
the people on the entire planet were affected by the disease. It killed half amillion people in the United
States alone, making it the most deadly demographic catastrophe in the century. It was so virulent that it
actually depressed the life expectancy in the United States from fifty-two to thirty-nine years.

According to one theory, the origin of Asian influenza goes back to aform of Chinese farming, called
polyculture, an age-old custom in which peasants often engage in a unique form of pig and duck farming,
living in close proximity to these animals. It is likely that duck viruses are passed on to the pigs when
they eat the droppings of the ducks. Similarly, fish and duck ponds are fertilized with pig manure. Pigs
apparently act asa"mixing bowl" for the viral genes from the ducks. Pigs get infected by both duck and
human viruses, mix them up genetically, and then pass them along. The Nobel Laureate geneticist Joshua
Lederberg warns that "new varieties of flu are formed every few years through natural crossbreeding of
those prevalent in birds and swine."

One frustrating fact was that the original 1918 flu virus disappeared
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without atrace, leaving molecular biologists unable to determine precisely why it killed so many millions
of people. But in 1997 scientists announced the major discovery that rare samples of the 1918 flu virus
were preserved in old tissue samples | eft over from the pandemic. Scientists, who are now analyzing the
flu virus's genetic material, believe that this may one day save the lives of tens of millionsif they can
prevent a disastrous recurrence of this deadly disease.

In fact, genetic analysis of the flu is so accurate that scientists can identify various strains of the flu,
calculate the "genetic distance" between these strains, and even predict when the next epidemic may
occur.

Molecular medicine gives us, for the first time, the ability to draw the family tree of viruses, track their
origin, and perhaps recommend ways to control them at their source, asin polyculture agriculture. By
2020, we should have an aimost complete understanding of how viruses evolve and spread, which, in
turn, may help usto defeat one of the greatest challenges of the twenty-first century: AIDS.

HIV: Paradigm for the Twenty-first Century

Some scientists believe that today's concentrated attack on the HIV may be anew paradigm for the future,
using molecular medicine to spot the genetic molecular weak spotsin avirus or bacterium and then
fashion new therapies. The HIV is one of the first viruses to be attacked primarily at the molecular level,
creating new therapies designed by computer simulations of chemical processes.

For thefirst time, there is guarded optimism that progress is being madethat "cocktails' of anti-HIV drugs
can lower HIV levelsto the point where the virus count can no longer be measured. Although these drugs
are extremely expensive (costing about $15,000 per year per patient) and resistant strains may eventually
develop, thisisthe first good newsin the battle against the HIV in many years. Unfortunately, the HIV
has built up such momentum over the last thirty yearsthat it will be difficult for any therapy to reverseits
advance completely until well into the twenty-first century.

Although it was reported in 1997 that deaths due to AIDS dropped 50 percent in New Y ork City and 12
percent throughout the United States for the previous year, the AIDS epidemic is spreading almost
unopposed throughout most of the world; it will not reach its peak until early in the twenty-first century.
Some epidemiologists have estimated that by 2000 there may be 100 million people infected by AIDS, far
more than all the people killed by the world wars in the twentieth century.

In 1996, the United Nations Joint Program on HIV-AIDS released
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their latest figures, which starkly laid out the grim spread of this disease. Worldwide, 1.3 million people
have developed full-blown AIDS symptoms, arise of 25 percent within just one year. The number of
people who died of AIDS-related diseases in 1995 was 900,000. More significant is the number of people
in the world infected with AIDS: 21 million people, 42 percent of whom are women.

Every day, 8,500 more people are infected with the HIV. Of these, two-thirds are in sub-Saharan African
countries. Thistrandates into a world tragedy for decades to come.

Computers and the AIDS Family Tree

By analyzing the HIV at the molecular level, scientists are now explaining the mysteries surrounding
AIDS, such aswhy it takes ten years to kill its victims and why it is so difficult to cure.

The HIV, far from being dormant for a decade, wages a fierce, continuous battle with the body's immune
system from the moment of infection. The body's immune system destroys the virus at the rate of about a
billion particles per day (about athird of the total). The virus, in turn, destroys about a billion CD4 hel per
T cells per day, which the body tries desperately to replenish. This ferocious struggle, with literally
billions of HIV particles and immune system helper cells dying each day, goes on for several years, until
the number of helper cells Slowly drops, from 1,000 cells per microliter of blood down to 200, at which
point the symptoms for AIDS begin. Death usually follows within two years.

Molecular biologists now see why acure for AIDSis so frustrating. The HIV lacks the usual repair
mechanisms which correct for genetic errors each time the virus reproduces. As aresult, it mutates
extremely rapidly each timeit reproduces, at the rate of one error for every 2,000 nucleotides, afantastic
rate. In ten years, the HIV can undergo the equivalent of amillion years of human genetic mutations. The
HIV which finally kills the host may be several thousand generations removed from the HIV which
originally infected the patient.

From amolecular point of view, the HIV is surprisingly simple, consisting of only nine genes; it bears a
striking resemblance to its ssmian cousin, SIV.

Gerald Meyers of the Los Alamos National Laboratory in New Mexico, who has analyzed hundreds of
HIV sequences from around the world, has determined that the HIV-1 genome seems to mutate at the
phenomenal rate of about 1 percent per year. (It took humans about 5 million yearsto diverge by 1.6
percent of their genome from chimpan-
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zees.) In thisway, one can use the HIV as a"molecular clock” to detect when different varieties branched
off from others.

There are six subclasses of HIV, which differ by 30 percent in their genes. We know that each mutates at
1 percent per year; thus perhaps thirty years ago there was a major branching or bursting of the disease,
which Meyers callsthe "Big Bang." "We seem to be in possession of arobust molecular clock," says
Meyers. "There is no way to pinpoint where the burst occurred, but it appears to have been in the early
1970s. And the various strains have evolved in parallel with the pandemic.”

In the United States, the main variety of HIV is Type B, which can be transmitted homosexually, usually
through the transmission of bodily fluids through small tearsin the skin. The rate of new HIV casesis
reaching a plateau in the homosexual population, but health workers are bracing for another invasion if
new strains of HIV which are mainly spread through heterosexual contact arrive on our shores. Scientists
fear this could create a"breakout" into the larger U.S. population, asit already hasin many parts of the
globe.

In countries like Thailand, 90 percent of the HIV is Type E, which is spread heterosexually. Studies done
by Max Essex at Harvard explain the differences in who contracts the disease; it turns out that Type E
infects cells of the vaginal walls much more readily than Type B. Given the large number of Glsin
Thailand, its flourishing sex industry, and the ease of international travel, it is only a matter of time before
these other varieties of HIV spread here.

Unraveling the AIDS Genome

Knowing the genetic makeup of the HIV isthe key to ultimately devising a cure. When scientists first
unraveled its genetic makeup, they were surprised to discover that this retrovirus, which contains RNA
rather than DNA, was the most complicated they had ever seen. Most retroviruses have only three genes,
called gag, env, and pol. The HIV, however, has as many as nine, with 9,200 base pairs.

The most important genes code for three enzymes: HIV protease, reverse transcriptase and HIV integrase.
By 1994, the three-dimensional molecular structure of each of these three enzymes was determined.
Scientists' strategy to attack the virusis based on creating drugs which interfere with these critical
enzymes. By preparing a cocktail consisting of drugs which inhibit these enzymes, doctors hope to
contain the disease.

The AIDS virus attacks cellsin at least four major steps, each of which provides an opportunity for
scientists to devise new cures. (In step one of this simplified picture, the virus attaches itself to receptors
located on the
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surface of the host cell, such asa CD4 cell. It injectsits RNA into the cell, and an enzyme convertsit to
DNA. In the second step, the alien viral DNA then penetrates into the cell's nucleus and hijacks its
machinery to produce long strands of RNA and protein needed to make copies of the virus. In the third
step, the protease enzyme slices up these viral proteinsinto shorter strips, suitable for making new
viruses. And last, thousands of newly formed HIV capsules form inside the cell and finally burst from the
cell membrane, flooding the body with anew generation of the deadly virus.)

Each step reveals the HIV's vulnerable points. AZT (azidothymidine), for example, isadrug that strikes
the AIDS virusin step one, by preventing the conversion of RNA into DNA. Because the AZT molecule
looks very much like the thymidine molecule (except for a missing hydroxyl group) the virusis fooled
into incorporating AZT into its replication instead of thymidine. With AZT substituting for thymidine, the
DNA synthesis comes to a halt, since the missing hydroxyl group is essential for creating the backbone of
the DNA molecule.

Initially, AZT gave amost immediate relief from AIDS symptoms, raising false hopes. However, the
euphoria soon evaporated. In all tests, AZT-treated victims were eventually overrun by mutant AIDS
viruses within one to two years.

Y et anew series of drugs were developed in 1996 which attacked the HIV at a different point, at step
three, where the protease enzyme cuts up viral proteins into the shorter pieces necessary to make new
HIV viruses. These protease blockers prevent the reassembly of HIV particles at alate stage in their
reproduction, just before they burst out of the cell.

Initial studies with protease inhibitors have been startling. After four months of treatment with one such
drug, Indinavir, scientists at New Y ork University found that 13 of 26 patients had no detectable virusin
their blood at all. And 24 out of 26 patients taking a combination of Indinavir, AZT, and 3TC also had no
trace of the AIDS virus. This makesit the most powerful form of therapy ever developed against AIDS.
Another protease inhibitor, Ritonavir, aso has had promising results, reducing the mortality rate by half
among 1,100 patients. "We have shown that we can suppress viral replication and keep it there," said
Julio S. G. Montaner of the University of British Columbia.

At present, AIDS researchers are cautious. As Harvey Kakadon of Beth Isragl Hospital in Boston said:
"Don't believe anyone who tells you we are not flying by the seat of our pants.” Furthermore, the drugs
arevery costly, and it isnot known if aresistant strain will eventually crop up.

But every day it seems that new devel opments surface concerning the genetic nature of the HIV. In late
1996, a gene was discovered, called
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CKRS5 (found in 1 percent of the Caucasian population), whose mutation renders a person completely
immune to the HIV. These individuals immune cells lack the "docking sites’ necessary for the HIV to
latch on to them. Thisin turn could spawn an entirely different approach to the HIV, using gene therapy
to alter T cells so that the HIV cannot attach to them.

Although no oneis claiming to have turned the corner on the HIV yet, the point is that molecular biology
has opened up several promising new avenues for cures, raising optimism to new levels. And the methods
scientists have usedmolecular medicinewill be the way much of the research into disease will be
conducted by 2020. The tedious, painful, and often dangerous trial-and-error method pioneered in the
distant past will soon give way to molecular biologists using DNA research, computer modeling, and
virtual reality to find a molecular cure.

New Microbes

Ironically, bacteria are easy targets for molecular science. Viruses, which are tiny strands of DNA or
RNA which reproduce by hijacking our cell's metabolic system, are difficult to attack (without destroying
our own cells). Unfortunately, resistant bacteria were allowed to flourish due to foolish, shortsighted
health policies. The flesh-eating germ (necrotizing fasciitis), for example, is one of a series of virulent
mutant strains of streptococcus, which causes strep throat. The most active mutant strain can destroy up to
one sguare inch of tissue per hour, a phenomenal rate. Although it is still treateable with antibiotics, its
related strains have already developed immunity to the antibiotic erythromycin. Jim Henson, founder of
the famed Muppets and beloved by millions of children for his creative work with puppets, died of a
resistant form of strep in 1990.

As the pace of industrialization speeds up, we expect more emergent and resistant diseases to appear. In
the jet age, only afew hours of air travel separates most parts of the world from the United States. As
James Hughes of the Centers for Disease Control and Prevention has remarked:"A disease that'sin a
faraway place today may be in our own backyard tomorrow. We're certainly not immune.” For example,
Legionnaires disease, toxic shock syndrome, and Lyme disease are examples of diseases which have
spread as a consequence of modernization within the United States.

The lesson here is that we are swimming in an ocean of disease. Sitting in our chairs eating dinner, or idly
walking through a park, we are blissfully unaware that there are millions of germs covering almost every
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square inch of our surroundings. Inside our own body there are more germs than the total number of
humans who have ever walked the earth.

We forget that for billions of years on this planet, our ancestors immune systems waged a silent but
relentless war against disease, developing millions of different molecular possibilities to destroy these
unwelcome invaders. As our DNA evolved to create new defenses against these diseases, germs evolved
ingenious mechanisms to penetrate these defenses, in a never-ending dance of life and death. As one
author putsit:"Although man can build a better mousetrap, nature always seems to build a better mouse.”

Unfortunately, bacteria have the upper hand, since they can evolve as much in aday asweevolvein a
thousand years, which gives them a decided advantage in evolving new mechanisms to evade our
defenses.

With the harnessing of antibiotics after World War 11, however, killer diseases like pneumonia,
tuberculosis, cholera, malaria, syphilis, meningitis, etc., were temporarily brought under control for the
first time. Infact, it is estimated that our life expectancy was extended about ten years because of
antibiotics alone. Today, more than 8,000 antibiotics are known, and about 100 are widely prescribed,
which are effective against awide variety of bacteria. Worldwide sales of antibiotics currently top $23
billion per year.

But as the death rate from these bacterial infections plunged, the public and the pharmaceuticals gradually
lost interest in these ancient diseases. Not surprisingly, the inevitable loss of this bulwark is having grave
implications for the future of public health.

Too Much of a Good Thing

When doctors of 2020 look back at twentieth-century science, they will be astonished at the shortsighted,
foolish policies of the past, marveling that doctors in the twentieth century thought that winning a minor
skirmish against bacteria was tantamount to winning the war.

The careless and rampant overuse of antibiotics today has killed off all but the strongest and most
resistant bacteria. Our own bodies have become a Darwinian battleground where only the nastiest mutant
strains of bacteria survive and thrive.

About onein every 10 million bacteriawill be resistant to a particular antibiotic. The handful of bacteria
that are resistant eventually emerge and proliferate when antibiotics are overprescribed. Using two
antibiotics increases the potency of the medicine, since on average only one in 100 trillion (= 10 million
times 10 million) bacteriawill be resistant to both
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antibiotics. However, if we wait long enough, sooner or later mutant bacteriawill emerge which are
resistant to both.

In 1977, for example, the first strains of Sreptococcus pneumoniae (which causes pneumonia) resistant to
penicillin were discovered. Today, there are mutant strains of the pneumonia bacteria which are resistant
to penicillin, cephalosporin, and other antibiotics.

In 1992, 19,000 patients in the United States were killed by resistant infections. These resistant strains
also contributed indirectly to the deaths of 58,000 more.

As Robert E. Shope, professor of epidemiology at Yale Medical School, has said: "If we don't gear up to
bring matters under control, we could face new crises similar to the AIDS epidemic or the influenza
epidemic.”

"There are now organisms, still fortunately rare, resistant to every antibiotic known," warns Fred Tenover
of the Centers for Disease Control. "There are only so many ways you can attack a bacterium
biochemically, and we've exhausted the majority of the simple targets. For some organisms, in fact, we're
at the end of the road.”

Worse, the drug companies have been lax in searching for new antibiotics. "We're running out of drugs.
We're approaching an era of killer bugs, and it could be a disaster,” says Mitchell L. Cohen, aspecialist in
infectious diseases at the CDC.

The problem is that the drug companies have to spend alarge amount of resources on new medicines.
Because it often takes ten to fifteen years and $300 million to bring a new drug onto the market, we may
be defensel ess against certain resistant diseases early in the next century.

The drug companies have also sold enormous quantities of antibiotics to farmersto treat their livestock as
"growth promoters.” In one study, scientists fed farm chickens food that was supplemented with
tetracycline, and within six months, seven of eleven chickens carried large numbers of bacteria resistant
to tetracycline in their intestines. Some bacteria even devel oped resistance to four other antibiotics.

This raises serious questions about large-scale practices carried out by agribusiness, which routinely uses
huge quantities of antibiotics to produce greater profits. Twenty-five million pounds of antibiotics are
routinely fed each year to farm animals such as pigs and chickens. That is a staggering 50 percent of al
the antibiotics consumed in the United States. Not surprisingly, this practice is banned in many parts of
Europe.

Designer Molecules

Once we know how various organic chemicals work at the molecular level, scientists will be ableto
create new molecular variations, often by
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computer simulation and virtual reality, allowing us to develop drugs with no side effects and new
antibiotics for resistant diseases.

Side effects, some of which can be fatal or debilitating, are among the most frustrating features of many
new drugs, often nullifying promising new therapies. Most side effects occur because a molecule does
more than perform its desired function. In the molecular world, structure is decisive. Using adrug with
side effectsislike using aworn-out key that opens not just one lock but several. This can cause
unintended effects.

In the future, computers may be able to construct molecular "keys" that fit only one molecular "lock."
Molecules will be tested in virtual reality so that they don't trigger undesired chemical reactions.

Virtual reality can also be used to design new classes of antibiotics. The penicillin molecule, for example,
contains what is called a "beta-lactam ring," which is responsible for its potent powers because it helps to
destroy the cell walls of many bacteria. The beta-lactam ring of penicillin does its work by removing the
bacteria's ability to control endogenous enzymes, which are used to dissolve the bacteria's cell walls.
Unable to control this volatile enzyme, the bacterialiterally disintegrate.

"It's like throwing a monkey wrench into an essential machine that assures the stability of the cell wall,"
says George Jacoby at the Lahey Clinic in Burlington, Massachusetts.

This, in turn, gives us new avenues to create "designer drugs.” By analyzing the molecular machinery of
bacteria, scientists by 2020 will be able to systematically pinpoint other sitesin the bacteriawhich are
particularly vulnerable to antibiotics, such as the ribosomes (tiny protein factories inside the cell) and the
pathway for folio acid production. Then they can design new antibiotics via three-dimensional computer
simulation of proteinsto attack these sites. Streptomycin, gentamicin, and tetracycline, for example,
target the ribosomes of the bacteria, and sulfa drugs and trimethoprim act by blocking the folic acid
pathway.

Using molecular biology, we can also come to see how bacteria evolved sophisticated ways to neutralize
antibiotics. Resistant bacteria have evolved away to shatter the beta-lactam ring of penicillin by
producing beta-lactamase, which breaks the beta-lactam ring at the carbon-nitrogen joint, rendering it
inactive.

"It's a straightforward counterattack by the bacteria to break up the antibiotic before it can reach its
target,” comments Jacoby. Many classes of bacteria can now manufacture enzymes which, asin the case
of the beta-lactam ring, break down or neutralize the active part of the drug. Some bacteria, by contrast,
have evolved anovel system of literally pumping the drug out of their cells.

Scientists also know now, at the molecular level, how bacteria spread
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this resistance to other bacteria. Inside the bacterial cell there are tiny circular pieces of DNA strands,
called plasmids. Within the plasmid's DNA code, one can identify the precise sequences which produce
beta-lactamase, which confers resistance to penicillin. These plasmids are often freely exchanged between
bacteria, even bacteria of different species. Asaresult, if one bacterium develops an immunity to
antibiotics, it can spread this plasmid to other bacteria. If a bacterium formed aresistance to al
antibiotics, this resistance could, in principle, cause a major collapse of our medical system, anightmare
scenario. In 1976, for example, it was discovered that gonorrhea was able to resist penicillin by
exchanging plasmids with aresistant form of E. coli bacteria. Today, 90 percent of gonorrhea bacteriain
Thailand and the Philippines have become resistant.

Of Molecules and Mystics

How will doctors in 2020 and beyond deal with these problems? One novel possibility is to rediscover the
ancient wisdom of the shamans.

The doctors of 2020 and beyond will scour the world looking for new sources of antibiotics found in
nature. Common drugs such as aspirin, codeine, quinine, reserpine (for high blood pressure), vinblastine
(combats Hodgkin's disease), and ipecac (induces vomiting) all have their originsin ancient folklore.
New anesthetics, for example, have been found by analyzing the contents of blowgun poisons, which
contain curare. The skin of an African frog, which contains a chemical that may be the first of anew line
of antibiotics, isused to treat the skin infection impetigo.

Paul Cox, aformer Mormon missionary, exemplifies the kind of pioneer who has attracted the keen
interest of the medical community. He has been particularly successful in searching for new medicines
from Samoa. (Speaking the language fluently, recently he was even made a full-fledged Samoan chief.)
Cox heard of shamans on the island of Upolu near Samoa telling of a plant which was effective against
yellow fever. He sent the plant to the National Cancer Institute, which isolated a powerful antiviral agent
called prostratin, which is now one of the NClI's candidates for HIV therapy.

Normally, the success rate for finding promising drugs among plant lifeis low, less than 1 percent. Cox,
by patiently listening to the lore and wisdom of the indigenous people, has been able to achieve a success
rate of 7 percent. In fact, 86 percent of the plants recently analyzed by Cox and by scientists from the
University of Uppsala have been found to display significant biological activity against disease.

After analyzing thousands of promising plants and animals, there is the laborious process of extracting the
active ingredient of each one. Thisis
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where the computer revolution comes in. Previously, searching for new medicines was always a hit-or-
miss process, usually miss. For every 10,000 substances analyzed, a hundred show promise, ten may be
tried on humans, and one might eventually be found effective and placed on the market.

Thiswill change dramatically in the twenty-first century. Already, the advent of robotic laboratoriesis
accelerating this process several thousand times. While it takes years to screen afew thousand chemicals
by hand with laborious animal trials, the new automated "combinatorial chemistry” laboratories can
screen millions of compounds within afew months without the use of any animals whatsoever. This will
not only increase the efficiency of our search for new antibiotics; it will also drive down the costs
significantly, which has been a sensitive topic as the costs of exotic new drugs have soared, putting a
strain on peopl€e's paychecks and the U.S. health-care system. (Presently, a single chemist may create 50
new compounds per year, at a cost of $5,000 to $7,000 each. New computerized methods can drive down
that cost so that each chemist can create 100,000 new compounds for afew dollars each.)

How does this new robotic approach work? In asingle test involving 100,000 chemical compounds,
promising compounds are placed in long arrays of tubes, which contain a protein or substance that causes
a specific disease. Optical scanners then look for unusual activity within the tubes, such asincreased
production of ultraviolet radiation, signaling that a reaction has taken place. The compounds that reacted
are then selected out, and new chemicals, which are variations of the origina compounds, are inserted
into the tubes. (The process begins again, each time homing in on the specific chemical in the compound
which is causing the reaction. Edward Hurwitz, a biotechnology analyst at Robertson, Stephens and Co.,
calsit "afundamental paradigm shift in drug development.” Once the active ingredient is isolated,
biochemists can scan the molecule to find out precisely how the antibiotic works its magic.)

Already, scientists are isolating new antibiotics that target weak spotsin the bacterial cells machinery.
For example, one strategy is to interfere with the bacteria's way of harvesting amino acids, the building
blocks of proteins. Once the machinery for producing amino acids is blocked, the bacteriawill not be able
to reproduce.

By the twenty-first century, this computerized approach to searching for antibiotics should yield hundreds

of new biomolecular ways in which to attack the bacteria's cell walls, ribosomes, and other key cell
structures.
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Mind/Body Link

Numerous experiments have revealed that our moods, including stress, and our social contacts have an
immediate impact on the level of activity of our immune system, and hence our ability to counteract
germs.

In the third stage of medicine, one of the frontiers of research will be to explore thislink using the tools of
molecular biology. The mind/body link, sometimes viewed by traditional medicine as bordering on
guackery, will soon reveal its secrets to molecular medicine, which will be able to explore how the mind
affects the immune system, and vice versa, at the cellular and molecular level. In a sense, we are going
full circle on the mind/body link, except our understanding is at a much higher level.

Historically, one frustrating problem with exploring the mind/body link has been the reliance on
anecdotal data, which is notoriously subject to extraneous effects, such as the placebo effect, the power of
suggestion, and subjective judgments. Without careful experiments, control groups, and meticulous
records, it becomes nearly impossible to verify the first-person accounts of remarkable cures and
remissions.

Within the last few years, however, there has been aflood of solid new experiments and analyses which
point to the existence of this mind/body link. In 1996, a definitive study done at the Johns Hop kins
School of Hygiene and Public Health showed a link between heart attacks and depression. Doctors
followed 1,551 people for over thirteen years and found that those who were depressed were four times as
likely to have a heart attack. In 1993, alandmark-study 752 men analyzed over a seven year period in
Goteborg, Sweden, showed that men who exhibited unusual amounts of stressin their livesdied at arate
three times greater than those who were calm, showing a direct link between one's longevity and one's
emotional state. High levels of stress were, in fact, better predictors of one's death rate than high blood
pressure, cholesterol, or triglyceride levels.

But perhaps more interesting was the finding that for people who led afull socid life, with rich
interactions with friends, wives, and family, there was no relation between one's life expectancy and one's
level of stress. Thisindicated that social contact helped to assuage the effects of stress on the body. Social
isolation, in fact, has been shown to result in alarmingly high death rates.

In 1991, scientists at Carnegie-Mellon University demonstrated how stress can suppress the immune

system's response to colds. By deliberately exposing students to cold viruses, they found that among
students
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with stress, 47 percent came down with colds, compared with only 27 percent of those without stress.

By examining a subject's blood several times a day, one can in fact find a direct correlation between white
blood cell activity and levels of stress. Our immune system was shown to be, in a sense, a barometer to
our emotional state.

In an important paper in 1993, scientists at Y ale University compiled an extensive list of mind/body
research, including the harmful effects of stress on diabetes, heart disease, metastasis of cancer, asthma
attacks, and bowel disease. Stress even adversely affected the nervous system itself, causing damage to
the hippocampus and hence to our memory.

Other studies done recently strengthen the link between stress and other diseases:
flare-ups in herpes due to stress

incidence of colon cancer and stress

incidence of heart disease and hopel essness

surviving bypass heart surgery and optimism

surviving second heart attacks and anger

heart attack rate and depression

survival rates from breast cancer and participation in support groups

Thelist of experimental and epidemiological resultsis quite extensive and has survived peer review in
established medical journals.

One of the tasks of twenty-first-century medical science will be to flesh out precisely how this mind/body
link operates at the molecular level. On the one hand, there is the well-established rel ationship between
our emotions and our endocrine system. When faced with alife-threatening emergency, our brain sends
electrical signalsto our glands to emit adrenaline, noradrenaline, and cortisol, which then circulate in our
blood and prepare the body for the "flight or fight" response. The brain also signals the glands to produce
natural opiates like beta-endorphin and enkephalin to prepare for possible pain. The flooding of our body
with these powerful hormones suppresses our immune system (perhaps an ancient evolutionary response
to conserve our resources in an emergency).

In 1996, scientists at the National Institute of Mental Health did a careful study of the effect of depression
in women (the average age of the women was forty-one). They found that depressed women suffered
from 6.5 to 14 percent lower bone density. They also found that these women had higher levels of the
hormone cortisol, which can cause bone loss. In athird of the women studied, the loss of bone was so
severe that it matched the level of bone loss usually seen after menopause. One theory is that
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depression triggers the release of cortisol, which in turn accelerates the loss of bone.

Others believe that there may be a three-way linkage among our immune system, our endocrine system,
and our nervous system, which communicate with each other via peptides that travel through the blood,
providing a constant feedback among all three, using the blood as its communication system.

These novel discoveries, most of them made within the past five years, may affect how medicineis
practiced in the next century. In the future, doctors may take a more comprehensive look at our lifestyles
and emotional states, analyzing whether we have social support networks, engage in regular exercise and
relaxation (e.g., yoga, meditation, vacations), and have ways to vent our anger and stress. Molecular
medicine will force doctors to view the body as a complex web of interacting systems.

Imaging Devicesin the Twenty-first Century

Molecular medicine will al'so be aided by new advances in quantum physics, paving the way for anew
generation of imaging devices, including new types of MRI, CAT, and PET scans. Already, these devices
have opened up entirely new areas of medicine, allowing us for the first timeto view theliving brain as it
thinks and the inside of the body asit functions. In the twenty-first century, a new generation of these
imaging devices will give us the unprecedented ability to see fine details of the living body, such as
clogged arteries, microscopic tumors, etc., that up to now have eluded scientists.

Each of these devices originatesin a principle in quantum physics. (CAT scans use multiple X-ray
photographs to create cross sections of the living body. These X-rays are shot through the body at
different angles. Computers are then used to reassembl e these multiple photographs to produce cross-
sectional pictures of the body. PET scans use radioactive glucose to detect neural activity within the
brain. Since brain activity increases the consumption of glucose, the energy source of the brain, scientists
can assess brain activity by measuring concentrations of radioactive glucose, which emits an antielectron
[apositron] that is easily detected. MRI machines make use of the fact that the nucleus of the atom is
spinning like atop. When placed in a powerful magnetic field, these spinning nuclei are al aligned with
respect to the field. By applying an external high-frequency signal, one can actualy flip these nuclei
upside down. When the nuclei revert to their original configuration, they emit asmall burst of energy,
which can then be detected. Since different nuclei
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emit different signals, one can differentiate between the various atoms found in the body.)

At present, the resolution of these devicesis not very great. X-rays are difficult to focus, and the
resolution of PET scansis not very good. In the twenty-first century, however, a new variation of MRI
imaging, called echoplanar imaging, will provide imaging speeds which are 1,000 times faster than those
presently available. These high-resolution machines will be able to take images at 30 frames per second,
which isthe rate at which television images appear on the screen. The advantage of this speed isthat it
will enable doctors to freeze images of the body which are blurred by body fluids or by motion. MRI
images, for example, presently cannot take accurate picture of fatty depositsin the heart because the
deposits are tiny and the heart is constantly in motion and filled with fluid. This new generation of
echoplanar imaging will eventually make it possible to take rapid still pictures of the heart in action,
enabling doctors to peer into the various arteries and veins to determine the degree of blockage. This, in
turn, could help to control the greatest single health hazard in the Western world: heart disease.

X-ray photographs are foggy because X-ray beams are difficult to focus and manipulate. But in 1996
scientists were able to focus an X-ray beam by shooting it through a block of aluminum. X-rays will
travel right through aluminum, but will bend dlightly in the process. This small deflection can be
exploited by having rows of thin holes drilled into the aluminum block. Each hole will bend the original
beam abit, until the entire beam can be focused down to atiny spot afew millionths of an inch in
diameter. Not only is this cheaper and more reliable than previous techniques; it may have widespread
application in etching silicon wafers and in improving imaging equipment using X-rays.

Presently, these imaging machines are primarily used once a problem has aready occurred, to check for
and measure the amount of damage that has been done. In the future, the quantum theory will make
possible a new generation of imaging machines which will detect potential problems years to decades
before they actually become problems.

But perhaps the most interesting aspect of the future of molecular medicine isthat aging itself might
prove to be atreatable disease.
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10
To Live Forever?

"The LORD God. . . said, "The man has become one of us, knowing good and evil; what if he now
reaches out and takes fruit from the tree of life also, and eats it and lives forever?' So the LORD God
banished him from the garden of Eden to till the ground. . . and He stationed the cherubim and a
sword whirling and flashing to guard the way to the tree of life."

Genesis, 3:2224

"By design, the body should go on forever."
ELLIOT CROOKE, Stanford University biochemist

"I don't want to live forever through my works. | want to live forever by not dying!"
WOODY ALLEN

The Search for eternal youth has fired the imagination of aging kings, emperors, and ordinary people for
countless millennia. Since antiquity, rulers, in their relentless quest for eternal life, have dispatched teams
of explorersto track down the fabled fountain of youth, accidentally altering the course of history on
several occasions.

This quest is with us even today. The baby-boom generation, particularly with its emphasis on youth,

seems determined to resist surrendering to Father Time, and has poured $40 billion into fueling the
current exercise and diet fads.
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Anyone who has ever stared in amirror and watched the inexorable spread of wrinkles, sagging features,
and graying hair has yearned for perpetual youth at some point. Aging is no fun: it involves a profound
loss in muscle mass, increase in body fat (especially around the waist in men and in the buttocksin
women), weakening of our bones, decline of our immune system, and loss of vigor.

No matter how rich, powerful, glamorous, or influential you might be, to confront aging isto confront the
reality of your mortality. Or as Butch Cassidy said to the Sundance Kid: "Every day you get older. It'sa
law." Unfortunately, the secret of aging and eternal youth has always been shrouded in mystery, if not
guackery and outright fraud.

By rights, however, the body should live forever. Surprisingly, certain organisms, in fact, live
indefinitely. Certain cells, and even animals, routinely defy the laws of aging and have no measurable life
span. Soif living forever does not violate any known law of cell biology, then why can't we stay eternally
young?

A number of tantalizing and remarkable discoveries indicate that the genetic and molecular origin of
aging may be within sight. Wild speculations and ancient folklore are, for the first time in human history,
being replaced by hard data and concrete, reproducible results. The excitement is pal pable among
researchers. Leonard Hayflick of the University of Californiaat San Francisco, sometimes called the
"dean of biogerontology," states, "Gerontology is now at a stage where several of the theories are being
collapsed into each other, and, although much important information is not yet included in the merger, we
are making good progress toward the biogerontological counterpart of the physicists Grand Unified
Theory."

Some biogerontol ogists have made some cautious but reasonable predictions for the future. From now to
2020, perhaps the best bet in terms of delaying or maybe reversing some of the diseases and symptoms of
aging will be carefully monitored hormone treatments. There are severe drawbacks to this volatile but
promising technique. But if its side effects can be contained, then a combination of antioxidant/hormone
treatments may reverse some of the ravages of aging (although they will probably not extend the human
life span).

After 2020, however, when we have personalized DNA sequencing, an entirely new avenue will open upi.
e., identifying the fabled "age genes," if in fact they exist. It should be stressed that not all scientists
believe that there are such things as age genes. And even if they do exist, the task of sifting through
thousands of genesto locate the age genes will be a tedious one, but some biogerontologists claim to have
found some age genesin animals, and they may have homologues in humans. One

< previous page page 201 next page >



< previous page page 202 next page >
Page 202

promising avenue would be to study the personalized DNA sequences of people who live exceptionally
healthy and long lives, and correlate them by computer to seeif they share key genetic factors.

From 2020 to 2050, yet another promising approach will open up: growing new organs. It is of no use to
have along life span if we are stuck with bodies that are crumbling with decay. Already, skin and other
tissues can be grown in the laboratory, and plans exist to grow entire organs, including kidneys, hearts,
and even possibly hands. Eventually, growing new organs may become as common as heart and kidney
transplants today.

The Search for the Fountain of Y outh

Almost every society has its mythical tales of immortality. The Hindus, the Romans, the Chinese, all have
their mythology of the fountain of youth, which on several occasions even changed the course of modern
history. Greek legend gives the saddest warning to those seeking to outwit the natural order of things.

Eos, the beautiful goddess of the dawn, fell in love with and married a mere mortal, Tithonus. But while
the gods stayed eternally young, Tithonus began to age, so Eos begged Zeus to make her lover immortal
like the gods. Zeus granted her wish, but Eos made a fatal mistake: she forgot to ask for eternal youth for
Tithonus. Eventually Tithonus became a shriveled cripple who incessantly babbled to himself. This so
irritated the gods that they changed him into the cicada.

Thetale of Tithonusisaclear challenge facing modern science. Not only must science and medicine
extend the human life span; it must also reinvigorate and revitalize our bodies, so we don't become a
nation of nursing home patients.

Animals That Are"Immortal"

Before the biomolecular revolution, scientists were forced to speculate about human aging from indirect
clues. Perhaps the simplest cluesto aging came from the animal kingdom and evol utionary biology.

All mammals eventually reach afixed body size as they age; however, certain animals which do not have
afixed body size (such as some lobsters, flounders, sturgeons, sharks, and aligators) simply increasein
body size with time but show no noticeable sign of aging. These animals are "immortal” in the sense that
their aging process is so slow that it is either nonexistent or too slow to be measured reliably in the
laboratory. Many textbooks incorrectly state that these animals have afinite life span like
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other animals. These texts confuse "life expectancy” with "life span.” Life expectancy refersto the
average age an organism lives until it dies of disease, predators, or starvation, whereas life span refers to
the maximum age an organism can live if these external causes of death are removed. Thisisthe reason
why we do not see 500-year-old alligators the size of houses prowling aboutbecause they have
succumbed to the perils of living in the wild.

However, when these animals are kept in zoos, they are largely immune from these external factors and
simply grow indefinitely, with almost no diminution of their physical functions after reaching sexual
maturity. The classic example of thisisthe flounder. The male flounder reaches a fixed size and ages
normally. However, the female flounder grows indefinitely and shows no signs of aging or loss of
function with time.

The existence of animals with no fixed life span seems to indicate that "age genes' do exist. Apparently,
the cells of these animals never lose their vigor or their ability to reproduce.

From a strictly evolutionary point of view, however, aging may serve a purpose. Nature has little use for
an aging animal well past his or her vital, childbearing age; such an animal isadrain on the rest of the
herd or pack. Perhaps nature planned for organisms to gracefully age and die, leaving precious resources
for the next generation to perpetuate the species.

Generalizing from lower animals to humans is always dangerous, but aging in humans also seems to obey
an evolutionary path. Paleontologists, analyzing the remains of our ancestor Australopithecus, are now
convinced that our lineage separated from other primates about 5 million years ago. Within that 5-million-
year period, our life span has more than doubled compared with our primate cousins. In evolutionary
terms, in almost a blink of an eye our brain size, body weight, and life span ballooned, which is
extraordinary for any species in the animal kingdom. The relative brevity of this remarkable expansion
indicates, but does not prove, that our life span is basically controlled by a handful of age genes.

Since we share 98.4 percent of our genes with the chimpanzees, by systematically focusing on the genes
that separate us from our primate cousins, perhaps we can locate the age genes among them.

How Old Was Juliet?

Generations of high school children gasp when they read Shakespeare's Romeo and Juliet, for they are
amazed to discover that Juliet was only thirteen years old.
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We sometimes forget that, for most of human existence, our lives were short, miserable, and brutish.
Sadly, for most of human history, we repeated the same wretched cycle: as soon as we reached puberty,
we were expected to toil or hunt with our elders, find a mate and produce children. We would then have a
large number of them, with most of them dying in childbirth.

As Leonard Hayflick says: "It is astonishing to realize that the human species survived hundreds of
thousands of years, more than 99 percent of itstime on this planet, with alife expectancy of only eighteen
years."

Since the industrial revolution, thanks to increased sanitation, sewage systems, better food supplies, |abor-
saving machines, the germ theory, and modern medicine, our life expectancy has risen dramatically. At
the turn of the century, the average life expectancy in the United States was forty-nine. Now, it is around
seventy-six, a 55 percent increase in a century. As Joshua L ederberg notes: "In the U.S,, greater life
expectancy. . . can be attributed almost entirely to this mastery of infection, this annihilation of the bugs."
And today, the fastest-growing segment of our population isthe group that is over a hundred years old.
(Recently, a curious new phenomenon has been observed, the "robust elderly," which may lessen the
burden of the elderly on society abit.)

The Physics of Aging

Central to a"unified theory of aging" are physics, information theory, and genetics. Thereis, first of all,
the Second Law of Thermodynamics, which states that disorder (or entropy) must increase in any closed
system. In short, things run down. In the words of George Harrison: "All things must pass." Our bodies,
our machines, our creations, even the universe, must eventually wear out.

Applied to the universe, it means the stars will eventually exhaust their nuclear fuel, plunging
temperatures down to nearly absolute zero, creating a dismal universe consisting of dead stars, black
holes, and cold formless gas. The destiny of the universe isto reach a state of maximum chaos.

In our bodies, thisincrease in entropy is manifested by the loss of information. Each time our cells
reproduce or are battered by toxic chemicals, tiny errorsin the information of our DNA begin to
accumulate, until our cells can no longer repair themselves and function normally. Eventually, the Second
Law of Thermodynamics catches up with our cells, and aging becomes irreversible. As entropy increases,
our cellsno longer have their original resilience and vitality because of accumulated information loss.
Hayflick calls this"molecular mischief"i.e., the ideathat aging is caused by the gradual buildup of errors
in our molecular code, which
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slowly reduces the efficiency and vigor of our cells. Aging may be caused by the loss of our ability to
repair this molecular damage.

If the Second Law isanironclad law of physics, at first it seems a hopeless task to try to reverse aging.
But thereis aloophole in the Second Law: it refers only to a"closed system.” This means we can have a
tradeoff: we can reduce entropy in one area (and hence reverse aging) aslong asweincrease it in others,
so the total amount of entropy still increases.

For example, the creation of a baby represents a massive decrease in entropy. But this is compensated for
by the chaos that the baby produces elsewhere (in the stress on the mother's body, in the increased
consumption of food, and in the vast resources needed to create the baby). In other words, the loopholein
the Second Law may be exploited by the age genes, whose purpose isto repair the molecular damage
caused by aging.

Aging: You're Just Getting Rusty

When middle-aged people, bemoaning creaky joints and aching muscles, claim they are "getting rusty,”
they may be closer to the truth than they realize.

One of the most seminal ideas about aging is the oxidation theory, which states that aging is driven by the
same process that makesiron rust, silver tarnish, and fires burnnamely, oxidation, avolatile, corrosive
process caused by unleashing the chemical force locked within the oxygen that we breathe in the
atmosphere. Oxidation is one important way in which the Second Law is manifested in our bodies.

On the one hand, oxidation is the energy source that fuels our body. When we take a deep breath, the
oxygen filling our lungs filters down into our cells, which uses the chemical ATP (adenosine
triphosphate) to carefully release the energy necessary to flex our muscles and move our b