SCIENTIFIC

——me=———

HUMAN-POWERED HYDROFOIL $2.50

Decerniber 1956

© 1986 SCIENTIFIC AMERICAN, INC



Chrysler Moto

safl compiarisons are 1o ihese base 178

5,60 Timiteg-wamanly on powertiain

Dodge Lancer, the

that Honda and P

Just

Dodge Lancer vs. Honda Accord DX and Ponfiac 6000 four doors® Some hard

* More available power.
Power is an important performance
consideration. Lancer’s available
turbocharged engine offers more
horsepower than the engines
offered by Honda Accord or
Pontiac 6000, As a mafier of fact
the Honda and Pontiac don't even
offer a turbo option.

« Hatchback ufility.

If you're looking for the added con-
venience of four doors plus a hatch-
back. you'll be giad to know that alf
Lancers come with a hatchback.
While the Honda Accord and
Pontiac 4000 don't even offer you
the opfion

¢ More passenger/cargo room.
Room is a major concem for any
sedan buyer. Lancer offers more
combined passenger/cargo room
than the Honda or Ponliac.

+ Longer warranty.

You'll also want to consider what
you can count on down the road.

models (198

uler boQy

ko

T e = —

rs: Best built. best backed American cars and frucks™

mpefifive dala unavailoble at time of printing). ™*Based on survey of owner problems with ‘86 cars & lig
h al deales Restriclions apply fBose sticker pnce companson Excludes lax and destination char

© 1986 SCIENTIFIC AMERICAN, INC




derformance sedan
ntiac can't matich.

$9852.

icts for anyone in search of a serious performance sedan.

ih Lancer you can count on a
ear or 50,000 mile Protection
n'* The Hondo and Ponliac
nt even come close

Lower price.
viously, your bottom line consid-
tion Is price, Al jus! $9852! Lancer
ne four-door sedan that delivers
goods for a lower base price
n either of the four-door sedans

we've discussed. Lower than the
Honda. Lower than the Pontiac.!
Considering all the fachs, we
think you'll agree thal it pays to see
your Dodge Dealer and buy or lease
the one sedan thal lakes your bud-
agef as seriously as your need for
performance Dodae Lancer

19/90

DIVISION OF CHRYSLER MOTORS

Setting new standards of performance.

1. O Wiy

WO uscre) o
© 1986 SCIENTIFIC AMERICAN, IN




ssOBbraniadin

FOR GIFT DELIVE ' ANYWHERE CALL 1-800-CHEER-UP (EXCEPT WHERE PROHIBITED BY LAW) f
ANECK, NJ

80 AND 100 PROOF /100% GRAIN NELITRAL SPIRITS (ABSOLUT COUNTRY OF SWEDEN") © 1986 CARILLON IMPORTERS LTD TEANEC

© 1986 SCIENTIFIC AMERICAN, INC




Established 1845 AM E Rl CAN December 1986

SCIENTIFIC

Volume 255 Number 6

38

46

58

88

102

112

120

132

4
10
12
14

PUBLISHER
EDITOR

BOARD OF EDITORS

ART DEPARTMENT

PRODUCTION DEPARTMENT

COPY DEPARTMENT

DIRECTOR OF OPERATIONS

ADVERTISING MANAGER

CIRCULATION MANAGER

OFFICERS OF THE CORPORATION

CHAIRMAN OF THE BOARD

PRESIDENT

EXECUTIVE COMMITTEE

ARTICLES

CORPORATE MEDICINE FOR PROFIT, by Donald W. Light
The new hospital chains thrive on the health-care system’s inefficiencies and highlight its failings.

CHAOS, by James P. Crutchfield, J. Doyne Farmer, Norman H. Packard

and Robert S. Shaw Yes, there is order in chaos. Even random events have an underlying pattern.

DARK MATTER IN THE UNIVERSE, by Lawrence M. Krauss
The universe contains many times more matter than telescopes can see directly. What is it made of?

THE FIRST HUMAN RETROVIRUS, by Robert C. Gallo
Novel techniques led to the author’s discovery of the virus family that includes the agent of AIDS.

THE FUNCTIONAL ARCHITECTURE OF THE RETINA, by Richard H. Masland
This remarkably compact bit of neural tissue mobilizes 50 kinds of cells to encode the visual world.

HOW ROOTS RESPOND TO GRAVITY, by Michael L. Evans, Randy Moore and Karl-Heinz

Hasenstein How does a plant root distinguish up from down on the earth but not in outer space?

HUMAN-POWERED WATERCRAFT, by Alec N. Brooks, Allan V. Abbott and David Gordon

Wilson Not racing shells but odd craft that look like winged bicycles are setting records now.

A ROMAN APARTMENT COMPLEX, by Donald J. Watts and Carol Martin Watts
A rigorous geometry that was rich in philosophical significance underlay every aspect of its design.

DEPARTMENTS
LETTERS 22 BOOKS
50 AND 100 YEARS AGO 72  SCIENCE AND THE CITIZEN
THE AUTHORS 140 THE AMATEUR SCIENTIST
COMPUTER RECREATIONS 148 ANNUAL INDEX

152 BIBLIOGRAPHY

Harry Myers
Jonathan Piel

Armand Schwab, Jr. (Associate Editor), Timothy Appenzeller, John M. Benditt, David L. Cooke, Jr., Ari W. Epstein,
Gregory R. Greenwell, John Horgan, Jr., Robert Kunzig, Philip Morrison (Book Editor), James T. Rogers, RickiL. Rusting,
Karen Wright

Samuel L. Howard (Art Director), Steven R. Black (Assistant Art Director), Edward Bell (Assistant to the Art Director),
Johnny Johnson

Richard Sasso (Director of Production), Carol Eisler and Leo J. Petruzzi (Assistants to the Production Director),
Carol Hansen (Electronic Composition Manager), Carol Albert, Nancy Mongelli, Jody Seward, William Sherman,
Julio E. Xavier

Sally Porter Jenks (Copy Chief), Debra Q. Bennett, M. Knight, Dorothy R. Patterson
Vin Barger

Peter B. Kennedy

William H. Yokel

Gerard Piel
Georg-Dieter von Holtzbrinck

Claus-Gerhard Firchow, Executive Vice-President; Harry Myers, Senior Vice-President; Vin Barger, Vice-President,
Finance; Linda Chaput, Vice-President; Jonathan Piel, Vice-President; Carol Snow, Vice-President

SCIENTIFIC AMERICAN (ISSN 0036-8733), PUBLISHED MONTHLY BY SCIENTIFIC AMERICAN, INC., 415 MADISON AVENUE, NEW YORK, N.Y. 10017. COPYRIGHT © 1986 BY SCIENTIFIC AMER-
ICAN, INC. ALL RIGHTS RESERVED. PRINTED IN THE U.S.A. NO PART OF THIS ISSUE MAY BE REPRODUCED BY ANY MECHANICAL, PHOTOGRAPHIC OR ELECTRONIC PROCESS,
OR IN THE FORM OF A PHONOGRAPHIC RECORDING, NOR MAY IT BE STORED IN A RETRIEVAL SYSTEM, TRANSMITTED OR OTHERWISE COPIED FOR PUBLIC OR PRIVATE USE WITH-
OUT WRITTEN PERMISSION OF THE PUBLISHER. SECOND-CLASS POSTAGE PAID AT NEW YORK, N.Y., AND AT ADDITIONAL MAILING OFFICES. AUTHORIZED AS SECOND-
CLASS MAIL BY THE POST OFFICE DEPARTMENT, OTTAWA, CANADA, AND FOR PAYMENT OF POSTAGE IN CASH. SUBSCRIPTION RATE: $24 PER YEAR IN THE U.S. AND ITS
POSSESSIONS; $33 PER YEAR IN ALL OTHER COUNTRIES. POSTMASTER: SEND ADDRESS CHANGES TO SCIENTIFIC AMERICAN, 415 MADISON AVENUE, NEW YORK, N.Y. 10017

© 1986 SCIENTIFIC AMERICAN, INC



THE COVER

The painting on the cover shows the human-powered watercraft Flying Fish
I1at racing speed, when it is no longer supported by its two pontoons but by
its two hydrofoils, or underwater wings. The craft is an example of the new
designs that are challenging the traditional shells, or racing rowboats, for
speed records on water (see “Human-powered Watercraft,” by Alec N.
Brooks, Allan V. Abbott and David Gordon Wilson, page 120). A rider on
Flying Fish Il can cover a standard 2,000-meter course about 10 seconds
faster than the record set by a single rower in a shell. Its top speed over
shorter distances is about 13 knots, or 6.5 meters per second. The craft is
ridden much like a bicycle, and a bicyclelike drive chain running through
the hollow main-wing strut connects the pedals to a high-efficiency propel-
ler. The handlebars are connected to the smaller front-wing strut, which
also serves as a rudder. A spatulalike device that skates along the water be-
hind this strut controls the depth of “flight” by adjusting a flap on the wing.
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LETTERS

To the Editors:

In “The Microwave Problem” [ScI-
ENTIFIC AMERICAN, September] Ken-
neth R. Foster and Arthur W. Guy dis-
cuss the question of the health hazards
of microwaves, give their assessment
of the biological literature and state
there is no convincing evidence of haz-
ard. But they do not reveal a number
of facts the reader should know in or-
der to assess the information the au-
thors provide.

They should have revealed that one
of the authors has for years been tes-
tifying in legal proceedings on the
health hazards of microwaves on be-
half of various manufacturers and us-
ers of microwave equipment. To cite
a few examples, he testified, or was
scheduled to testify, in the matter of
Massachusetts Department of Public
Health v. RKO General, Delsesto and
Spinella v. Amana Company, Schuer-
man V. Pacific Telephone and Telegraph
Company and Standiford Zoning Case
85-96. The authors specifically refer to
the case involving the health concerns
of the residents of Vernon, N.J.,, and
imply that the residents’ fears were un-
founded. They do not say that one of
the authors was retained by a major
microwave-equipment manufacturer
and testified on its behalf in that case.
Thus these authors are not disinter-
ested parties providing information on
health hazards of microwaves.

Moreover, the authors base much of
their article on the ANSI (American Na-
tional Standards Institute) “standard.”
They do not tell the reader that ANsI is
almost entirely funded by industry. Its
officers and directors are almost en-
tirely drawn from industry. The mil-
itary, the biggest user of microwave
equipment, initiated the ANSI micro-
wave-biohazard committee, selected
its first chairman and has largely de-
termined what research would be car-
ried out on the biological effects of mi-
crowaves. The authors do not reveal
that conflict of interest or the fact that
most of their own research funds have
come from the military.

The authors misrepresent the find-
ings and status of biological research
on the effects of low-intensity micro-
wave energy. As a biological scientist,
part of whose basic research has in-
cluded the use of microwave energy, I
can recognize a rather clear and con-
sistent pattern in the data on biological
interactions with low-intensity micro-
waves. I detail some of the findings in
“The Evolution and More Significant
Results of Biological Research with
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tion components help deliver precisely the amount of fuel
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Low Intensity Non-ionizing Radia-
tion,” a chapter in the forthcoming
Handbook of Bioelectricity. There are
also numerous published papers that
show clear-cut interactions of low-in-
tensity microwave energy with organ-
isms and represent significant ad-
vances in basic biology. But the au-
thors do not discuss this research, for
they are neither disinterested parties
nor biologists.

Finally, the authors refer to ambigu-
ity in the implications of the biological
data for human health. In this brief let-
ter there is no space to cite all the mis-
information in their account of the re-
search on cancer, the blood-brain bar-
rier, hearing and the heart. Nor is there
space to cite the misinformation in
what they say about risk assessment.
The issues related to biological re-
search on microwaves and to risk as-
sessment should be discussed openly.

ALLAN H. FrREY

Randomline, Inc.
Huntingdon Valley, Pa.

To the Editors:

Foster and Guy [“The Microwave
Problem,” SCIENTIFIC AMERICAN, Sep-
tember] would have us believe that the
only remaining questions about the
safety of microwave radiation involve
the irreducible uncertainties associat-
ed with proving a negative: “exposure
to low levels of microwaves cannot be
proved free of hazards.” That is sim-
ply not true.

Research has barely scratched the
surface of the issue. Of the 6,000 stud-
ies cited by Foster and Guy, only one
has ever attempted a lifetime exposure
to power levels incapable of producing
a thermal response, and the results of
that study are hardly reassuring. Nor
has a single epidemiological study of a
well-defined group exposed to nonion-
izing radiation ever been completed.

The one chronic study was carried
out in Guy’s laboratory with fund-
ing from the U.S. Air Force School
of Aerospace Medicine (it served as
one of the authors’ examples). The
study found a statistically significant
increase in cancer among the rats ex-
posed to microwaves.

Contrary to what Guy reports about
his own results, the malignant tumors
were heavily concentrated in the rats’
endocrine systems: nine in the exposed
animals compared with only two in the
controls. (The total tumor numbers
were 18 and five respectively.) In ad-
dition there were six pheochromocy-
tomas—benign adrenal tumors—in the
exposed rats but none in the controls.

6

That a principal investigator for a
$4.5-million study should obscure his
own positive results points to a ba-
sic feature of the “microwave prob-
lem”: the domination of military fund-
ing for biomedical research on non-
ionizing radiation and the reliance on
engineers rather than biologists to do
the research. Indeed, Foster and Guy
are both engineers.

The proposition that microwaves
can have nonthermal effects is now
widely accepted, even though it lacks a
mechanistic explanation. Until we un-
derstand how microwave radiation in-
teracts with living systems, the public
will continue to be suspicious and the
microwave problem will continue to
be with us.

Louis SLESIN
Editor, Microwave News

New York, N.Y.

To the Editors:

Frey’s ad hominem arguments are
regrettable. If he disagrees with us on
the scientific issues we raised (which
included the nonreproducibility of
some of the effects he has reported), he
should prove us wrong.

One of us (Guy) has served as an ex-
pert witness. The role of an expert wit-
ness is to provide the best available
scientific information in a lawsuit. In
many of these cases Guy has consulted
on behalf of plaintiffs suing industry,
including companies that have spon-
sored his own research. Both of us
have received research support from
the military as well as from many oth-
er sources. Frey also has testified in
such cases, and for many years his
studies were supported by the military.
Neither factor is pertinent to the scien-
tific issues we raised.

The ANsI microwave standards do
not reflect limited points of view. The
committee that developed the 1982
standard had 18 members from the
public sector and universities, 10 from
industry, 12 from laboratories of Gov-
ernment agencies that are not major
users of microwaves, such as the Envi-
ronmental Protection Agency, and 11
from Government agencies that are
major users, such as the Department
of Defense. For several years drafts of
the standard were circulated widely
for comment. A different committee
adopted the standard, and its members
represented organizations as diverse
as the Department of Defense and
the Consumers Union of the United
States. Other expert panels have inde-
pendently arrived at conclusions simi-
lar to those of the ANSI committee. All

© 1986 SCIENTIFIC AMERICAN, INC

these judgments reflect a consensus of
informed opinion about a scientific lit-
erature that is in many places highly
inconsistent and speculative. If some
important hazard has been overlooked
(and Frey does not indicate what it
might be), the error is unlikely to be
due to simple institutional bias.

The significance of the finding of in-
creased cancer in the irradiated versus
control rats is less clear to us than
it apparently is to Slesin. The study
involved 155 comparisons between
exposed and unexposed rats. With so
many comparisons, seemingly strik-
ing differences are expected by chance
alone. It is misleading in such cases to
ignore many negative findings and fo-
cus attention on one striking result.
Slot machines encourage this error: no
bell rings when the player loses mon-
ey. Reports of “clusters” are similarly
difficult to interpret. Interested read-
ers might read an article by one of us
(Foster) in American Scientist, March/
April, 1986.

Certainly the probability was small
(.005) that the greater number of
malignant tumors in the exposed rats
arose by chance alone. In a single com-
parison scientists usually consider an
observed difference to be “statistical-
ly significant” if the probability of its
having arisen by chance alone is less
than .05. But given 155 comparisons,
it is expected that one difference will
be significant at the .005 level even
though the two groups being com-
pared are drawn from the same popu-
lation. Moreover, the rate of cancer in
the exposed rats was increased only in
comparison with that of the unex-
posed controls and was about equal
to the rate that is typically reported in
such animals.

Therefore the finding is ambiguous.
To build a strong case that exposure to
microwaves is associated with the de-
velopment of cancer in rats, follow-up
studies would be needed that were de-
signed in advance to test the hypothe-
sis. That disturbing questions can be
much more easily raised (by screening
experiments or exploratory research)
than settled (by studies testing hypoth-
eses) is one of the long-standing prob-
lems in the microwave debate, and no
doubt in other environmental health
issues as well.

KENNETH R. FOSTER

University of Pennsylvania
Philadelphia

ARTHUR W. Guy

University of Washington
Seattle



If the world were a perfect
place, you wouldn't
Nneed a Buick.

The real world
includes long
stretches of traffic,
terrible weather and
serious demands on your
car. So, may we suggest that
you consider a car intelligently
designed to handle the real world?
We're suggesting you consider
Buick LeSabre. Not because it's
perfect, but because it is so good
at the things that really count. For
example...

For adults

Those of us who have gradu-
ated to adulthood appreciate cer-
tain significant accommodations to
reality. A glance at LeSabre’s inte-
rior tells you it’s rich and hand-
some. Sitin it and you find some-
thing even better: true support
combined with deep luxury. And
the available 6-way power control
seat puts a wide range of adjust-
ments at fingertip control.

While you're sit-
ting in that seat, do
another reality

check ang
— you'll fin
- another

surprise:
room.You

have to

stretch
toreach

the far
side. Clearly,
Buick is an automobile built for
adult pleasure.
In the long run

The real world is not kind to
automobiles. Rain, rocks, potholes,
mud, salt, ice and humanity all take

their toll. Buick is
prepared to fight back.
Take something as funda-

mental as the paint. The LeSabre
finish starts seven layers down.
First, the body isimmersed in a
phosphate cleaning solution. Then
it is electrically charged to provide
a magnetic attraction for paint.
Only then does the first primer coat
go on. After the primer coat is wet-
sanded by hand, a
platoon of robots
applies two sepa-
rate layers of color
enamel, dancing
and whirling to
cover every surface (e
evenly and com-
pletely.

Finally, two coats
of clear acrylic enamel are added
to provide a deep, lustrous finish to
keep your Buick handsome through
years of life's
abuses.
| T

Buick LeSabre Sedan

To drive

When all is said and done, the
real test of satisfaction with a car
happens behind the steering
wheel. And Buick is just what the
driver ordered.

LeSabre’s big 3.8-litre V-6 with
sequential-port fuel injection is
there to do the job quietly, easily,
reliably. Fully independent suspen-
sion not only smooths the ride but
also grips the road in a highly

sporting manner.

Until the world we live in
perfects itself, may we suggest
that you buckle up and see your
Buick dealer for a test drive in
an automobile |
that can make
reality

enjoyable.
Really.
For more
information,

a brochure or
atest drive, call
1-800-87-BUICK
(1-800-872-8425).

GM

Where better really matters.
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AT&T is building semiconductor
crystals atomic layer by atomic layer.

The reason? To help electrons
reach their full potential.

In our world of rapidly increasing
information needs, the more data we
have, the faster it has to be processed.
And today, the key to faster processing
is faster electrons.

Speed Is Of The Essence
Electrons in silicon—the most widely
used material in the semiconductor
industry—move quickly. But not quickly
enough for many increasingly sophisti-
cated applications, like real-time speech
and image processing.

Now, silicon has just about
reached its electron speed limit. For
faster electrons to meet special needs,
new materials are the key—new
materials, not found in nature, built
from the atoms up.

Going Flat Out With Atoms
Tailor-making new materials uses a
form of atomic spray painting called
Molecular Beam Epitaxy (MBE).
Invented and perfected by
AT&T Bell Laboratories scientists,
MBE creates ultra-thin, extra-
ordinarily uniform films of selected
elements. To prevent contamination,
individual layers are sprayed onto a sub-
strate in a vacuum containing 100
billion times fewer atoms than in the
earth’s normal atmosphere.
Finished films are uniformly flat
to plus or minus one atom in depth.

Electrons That Move Like Rockets
In one application, AT&T constructed
material using crystal layers of
gallium aluminum arsenide and gallium
arsenide. The gallium arsenide was
kept pure, while the gallium aluminum
arsenide layer was seeded, or doped,
with carefully controlled impurities—
sources of needed electrons.

These electrons are drawn in
droves to the face of the pure layer. Here,
unimpeded by impurities, electrons
can rocket across the transistor’s gate
at 20 million centimeters per
second—almost three times as fast
as in today’ silicon semiconductors.

Using this new
material, AT&T
scientists collabor-
ated with colleagues
at Cornell University
to set a transistor
speed record. The
device switched a
logic circuit on or
off in 5.8 picoseconds (trillionths of a
second)—that’s 170,000,000,000 times in
a single second.

Putting The Future On The Beam
Molecular Beam Epitaxy has also
enabled Bell Labs to produce a semi-
conductor that replaces electricity
with...light.

Built of 2,500 precise, alternate
layers of gallium arsenide and gallium
aluminum arsenide, the chip contains
four photonic switches that are turned
on and off by light beams, much the way
electronic transistors are activated by
electrical charges. ,

This light switch presages a day
when optical computers will process
information 1,000 times faster than
present electronic computers. A day
brought closer by AT&T’s layered
technology.

Spray painting with atoms.

AT&T publishes a magazine called PROTO,

areport to managers on how AT&T

technologies are being used in advanced

communications products and services.
For a free copy of PROTO, write:

PROTO Circulation Manager, AT&T

Bell Laboratories, Box B, 11.-404,

101John E. Kennedy Parkway, Short Hills,

[ New Jersey 07078.

" © Copyright 1986 AT&T
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50 AND 100
YEARSAGO

SCIENTIFIC
AMERICAN

DECEMBER, 1936: “There is im-
mense activity in preparation for the
heavier-than-air conquest of the North
Atlantic. There are, first of all, recur-
rent and apparently reliable reports
that Pan American in conjunction with
the British Imperial Airways is soon to
put into operation transatlantic and
New York-Bermuda airlines. Tests
of the Empire Flying Boat, to be em-
ployed by Imperial Airways, have
just been completed. A composite air-
craft is now reaching completion. The
upper component will be a two-float
seaplane that is driven by four 350-
horsepower engines. The lower com-
ponent will be a large flying boat. Al-
together there will be eight engines in
use with a combined power of 5,000
horsepower. All the experts seem to
agree that there will be no difficulty
either in the launching of the com-
posite aircraft or in the subsequent
flying of the detached upper seaplane
component.”

“The production of about a dozen
fruits from more than a hundred cross
pollinations between different varie-
ties of pumpkins and squash made
at the State Experiment Station at Ge-
neva, New York, has thrown consid-
erable light on the botanical relation-
ships of these groups and, incidentally,
has given rise to several new forms
that seem to be either immune or high-
ly resistant to squash mosaic. Many
unsuccessful attempts to hybridize
these two vegetables have been made
during the past century.”

“A tiny instrument, weighing about
1% ounces and suspended beneath a
small balloon, is science’s latest device
for finding the whys and wherefores of
South Atlantic and Gulf Coast hurri-
canes. Signals for the release of the in-
strument-carrying balloons are given
by the Weather Bureau. The three ele-
ments of the instrument record pres-
sure, temperature and moisture. As
soon as the balloon reaches its ceiling
and bursts, a mechanism removes the
penpoints from contact with the re-
cording plate so that no records are
made during the descent. A tag offers
areward for the return of the device to
the Weather Bureau.”

10

“At a cost of less than half a cent for
each pint of water in which they are
placed, cut flowers may now be kept
fresher and more vigorous for longer
periods of time before they wither and
die. Experiments conducted at the sci-
entific laboratories of the Hawaiian
Sugar Planters Association in Honolu-
lu indicate that adding two eyedrop-
perfuls of sulfurous acid (not sulfuric
acid) to each pint of water encour-
ages buds to continue growing and
leaves and stems to remain greener
and permits the flower itself to retain
its freshness, in some cases for days
after it would normally cease to be
attractive.”

“Anyone who looks carefully at the
Milky Way must be impressed by its
irregular and patchy appearance. A
generation ago it was supposed that
the darker parts were gaps between the
visible star-clouds through which the
blackness of outer space was revealed.
Then [Edward E.] Barnard, by a mas-
terly analysis of his own superb photo-
graphs, convinced a skeptical world
that the dark lanes and patches were
caused by enormous opaque clouds—
dark nebulae—lying between us and
the bulk of the galactic stars, and blot-
ting them out, or at least greatly dimin-
ishing their light.”

DECEMBER, 1886: “Diamonds
have been objects of interest to all
classes, but more especially to scien-
tists and savants, to whom, even up to
this present age, they are a mystery as
to their origin or formation. Some at-
tribute them to be of celestial origin, as
aerolites, possessing electric light; oth-
ers believe them of vegetable origin,
since some are found with water cavi-
ties and also vegetable as well as ani-
mal matter embedded in them. Work-
ers in them seem to have a more true
and practical knowledge of them, and
feel convinced that they are more of a
volcanic origin.”

“In Rochester, N.Y., on the 20th of
November, 750 out of the 950 custom-
ers of the Bell telephone declined to
use the instruments any longer, on ac-
count of the exorbitant charges. They
are now casting about for instruments
that can be supplied at cheaper rates.”

“The Manufacturers’ Gazette, we be-
lieve, speaks candidly when it says that
the increasing use of opiates and other
drugs intended to either allay or ex-
cite nervous activity is an evil in this
country equal to if not worse than
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the excessive use of intoxicating li-
quors. Comparatively little is said of
it in public journals, and there is no
such crusade against it as there is
against intemperance. The insidious-
ness of the drug habit makes it the
more dangerous. The great majority
of those who begin the use of opium,
morphine and chloral do it under pre-
scription of physicians, and often
without being allowed to know what
they are taking until the habit is thor-
oughly fastened upon them. Such tri-
fling with life and health by physi-
cians should be made a criminal of-
fense, and its victim or his friends
should prosecute for malpractice to
the full extent of the law.”

“Although the production of type
writing machines, as an industry, at the
present time has reached large propor-
tions and obtained permanent footing
among the great manufacturers, still
it may be said only to be in its infan-
cy. The utility of the type writer is so
great, its success so marked, its appli-
cations so numerous, that no prophetic
vision is required to perceive that, ere
long, it will become spread throughout
the civilized world, like the clock and
the sewing machine.”

“The question of terrestrial locomo-
tion is one that interests a large num-
ber of readers. Mr. Louis Lallemand, a
skillful mechanic in France, has just
constructed a steam tricycle, to be
heated by petroleum. Mr. Lallemand
has already made four trials of this tri-
cycle. On a level road a pressure of
two atmospheres suffices to run the
apparatus at a speed of from 3% to
4Y5 miles per hour.”

A petroleum-fueled steam tricycle
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the departments of physics and astron-
omy at Yale University. He was an un-
dergraduate student at Carleton Uni-
versity in Ottawa and did his graduate
work at the Massachusetts Institute

12

of Technology, where he obtained his
Ph.D. in 1982. He was a junior fellow
at Harvard University before taking
his current position at Yale in 1985.
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ing the retroviruses associated with
certain forms of cancer and with AIDS.
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member of the faculty at the Harvard
Medical School.
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MOORE and KARL-HEINZ HAS-
ENSTEIN (“How Roots Respond to
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ical and physiological investigations
to bear on the gravitational-response
mechanism in plants. Evans, who ob-
tained a Ph.D. from the University of
California at Santa Cruz, is professor
of botany at Ohio State University,
where he specializes in whole-plant
physiology. Evans writes: “As impor-
tant as the techniques of molecular bi-
ology are for the study of plant hor-
mones, it is essential that we not lose
sight of the integrated function of the
plant as a whole.” Moore is associate
professor of biology at Baylor Univer-
sity. His studies of plant responses to
gravity arose from his interest in the
anatomy of root cells. Moore’s under-
graduate education was at Texas A&M
University and he did graduate work
at the University of Georgia and the
University of California at Los Ange-
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Hasenstein is a research associate in
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COMPUTE

RECREATIONS

Of fractal mountains, graftal plants

and other computer graphics at Pixar

by A. K. Dewdney

fledged, feature-length motion pic-

ture generated by computer. The
year is 1991. I stumble down the aisle
while carrying an oversize bucket of
synthetic popcorn and a soft drink
containing a few additives that make
all the usual ingredients unnecessary.
The house lights dim, the curtains part
and the silver screen comes alive with
an adaptation of J. R. R. Tolkien’s The
Lord of the Rings trilogy. Frodo the
Hobbitt strolls through an open glen.
In the distance jagged, snow-capped
mountain peaks thrust into the sky. In
the foreground exotic trees and plants
of unknown species shimmer in the
sunlight. The scene changes to a wiz-
ard gazing into a crystal ball. In the
center of the sphere a fortress appears,
flames leaping from its battlements.

Although it is hard to say just how
convincingly Frodo will walk and talk
in such a film, I am convinced that
the mountains, the plants, the crystal
ball and the flames will all come off
magnificently. The success will be
due largely to the pioneering software
and hardware of a company called
Pixar, formerly the Lucasfilm Com-
puter Graphics Laboratory. After vis-
iting this fascinating hub of computer
graphics in San Rafael, Calif, I am
ready to share with readers the inner-
most secrets of mountains and trees.
Anyone with a home computer can
now generate images that closely re-
semble such objects. The space limi-
tations of this department preclude
an extensive treatment of crystal balls
and fire, but I shall lay bare the basic
principles of generating them.

In the hypothetical film described
the camera might zoom in on the
snowy peaks behind Frodo. Never
would a more forbidding landmass
be seen. Each large peak consists of
smaller peaks, which are composed of
still smaller ones, and so on: an infinite
regress of peaklets. Even an Orc—that
gargoylelike beast with leathery feet—

I can readily imagine the first full-
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would be uncomfortable standing on
the rough slopes.

It is easy in principle to generate
such a mountain range. For simplicity
I assume that the terrain covers a trian-
gular area. One then subdivides the tri-
angle into four smaller triangles by
finding the midpoint of each side and
joining the new points by three line
segments. Each triangle is then subdi-
vided in the same way. The process is
continued until the limits of resolution
or of computation time are reached.
The result—a rather boring lattice of
triangles—can be enlivened by mixing
in some vertical action: each time a
new midpoint is added to the scene one
displaces it upward or downward by
a random amount. The random dis-
placements, which must in general be
decreased as the triangles become
smaller, transform the triangles into
crumpled peaks and folds [see top il-
lustration on page 16].

Why should such a technique pro-
duce natural-looking mountains? The
answer may lie in part with the fact
that the process yields a fractal: a type
of object that reveals more detail as
it is increasingly magnified. Fractals
are seemingly seen throughout nature.
Benoit B. Mandelbrot, the indefati-
gable fractalist at IBM’s Thomas J.
Watson Research Center in Yorktown
Heights, N.Y., uses coastlines to illus-
trate the basic idea. Imagine being
asked to measure the French coastline
with a measuring stick one kilometer
long. One swings the stick end over
end in a ponderous march along the
shore and counts the number of kilo-
meters. Many small bays and points
are missed, however, so that the final
length as measured in this way is not
strictly accurate. Repeating the exer-
cise with a meter stick produces a
more accurate, longer measurement.
But even in this case a large number of
miniature embayments and spits are
missed. No doubt a centimeter stick
would be more accurate.
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As a general rule, the measured
length of the coastline increases as the
measuring stick becomes smaller. The
relation between the measured length
and the size of the stick is a special
number. It is called a fractal dimen-
sion. A fractal dimension differs from
an ordinary dimension in that it is usu-
ally expressed as a fraction, not as a
whole number. The coastline in ques-
tion might, for instance, have a fractal
dimension of 3/2. Such a shape can
be thought of as intermediate between
a shape that has one dimension (a
straight line) and a shape that has two
dimensions (a plane). If a coastline
were relatively straight, its fractal di-
mension would be close to 1; if a coast-
line were very rough, its fractal dimen-
sion would approach 2 as it attempted
to fill a two-dimensional plane.

The fractal model of nature implies
an infinite regress of detail. From the
perspective of computer graphics the
question of infinite regress is a red her-
ring; it is enough if the landscape
appears to have detail at all levels
of magnification. Up to the limits of
screen resolution the mountains to be
generated have features as fine as the
final triangles used in the subdivision
described above. Although the com-
plete mountain-drawing algorithm is
too long and involved to describe here
at a useful level of detail, there is a
simple program called MOUNTAIN that
draws Mount Mandelbrot in cross sec-
tion. MOUNTAIN illustrates the essential
idea of randomly displacing subdivi-
sion points along a vertical axis. The
fractal artist begins with a single, hori-
zontal line segment. The midpoint is
determined and deflected up or down
by a random amount. Each of the two
resulting line segments is then subdi-
vided and perturbed. The process can
be continued in a manner analogous to
the triangle-subdivision technique.

MOUNTAIN maintains two arrays
called points and lines to keep track of
the mountainous profile. Each array
has two columns and enough rows (say
2,048) to accommodate handily one’s
screenresolution. The two columns of
points contain coordinates and the two
columns of /ines contain indexes; each
line is specified as the pair of positions
in the array points that designate the
coordinates of the line’s endpoints. Be-
cause it is interesting to watch the
successive subdivisions form a moun-
tainous outline from an unpromising
polygon, MOUNTAIN puts each genera-
tion under the user’s control. At the
end of a single, main loop the program
asks the user if another iteration is
wanted. If the answer is yes, execution
branches back again to the head of the
program.

The main loop converts the current



sets of points and lines into new sets
that are twice as large. To do this it
scans lines one row at a time, looks
up the indexes of the corresponding
points and retrieves their coordinates
from points. Armed with the coordi-
nates of a given line’s endpoints, the
program computes the coordinates of
the line’s midpoint, altering the y coor-
dinate randomly in the process. The
following algorithmic listing provides
an adequate basis for a program. In it
the variables j and & point to the rows
of points and lines that are currently
being filled with the latest results of
subdivision. The variables pts and Ins
record the numbers of points and lines
making up the mountain before the
main loop is entered. Initially j is equal
to pts and k is equal to /ns. The index i
runs from 1 to /ns.

je—j+1

k—k+1

a < lines(i,1)

b —lines(i,2)

x1 « points(a,1)

y1 «—points(a,2)

x2 <« points(b,1)

y2 — points(b,2)

points(j,1) —(x1 + x2)/2

points(j,2) —(y1 + y2)/2 +
random(range)

lines(i2) —j

lines(k,1) —j

lines(k,2) —b

This part of MOUNTAIN is largely
self-explanatory. When the coordi-
nates of the jth point have been com-

puted, the index j is stored as the sec-
ond point of the ith line and the first
point of the kth line. The first point of
the 7th line is the same as before and
the second point of the kth line is iden-
tical with the original second point of
the ith line, namely the one with index
b. When the loop is finally computed,
pts and Ins must be reset to the latest
values of j and k respectively. The
variable range is initially set by the
user as the maximum amount of verti-
cal randomness that can be given to
the subdivision point. Each time the
loop is completed this variable must
be divided by 2 in order to keep the
random fluctuations in scale with
the size of the features being varied.
The function random(range) is intend-
ed to express the selection of a ran-
dom number between 0 and the cur-
rent value of range.

If the mountains behind Frodo seem
impressive, the trees and plants that
surround him are no less so. They are
both realistic and eerie. They seem
real because they have branching pat-
terns similar to those of actual plants.
They seem eerie because they are not
familiar species; the graphic designer
has so many parameters available that
he or she cannot resist the temptation
to create something new.

The new “species™ are called graft-
al plants, because they are based on
graphs and have an implicit fractal na-
ture. By implicit fractal nature I mean
that the rules for generating the plant’s
basic topology could be (but are not)
applied to the limit of resolution of

the screen. In short, a twig does not re-
gress indefinitely into twiglets. Once
the graph underlying a plant has been
developed, it can be converted into a
myriad of convincing species by inter-
preting the graph in terms of size, col-
or, thickness, texture and so on.

The graphs that underlie a given
plant are produced by L systems, a
class of grammars introduced by the
Danish biologist and mathematician
Aristid Lindenmeyer in 1968. An L
system is essentially a set of rules for
deriving new strings of symbols from
old ones. The rules involve substitut-
ing sequences of symbols for single
symbols. For example, using the num-
bers 0 and 1 and the symbols [ and ]
one can generate a wide range of com-
plex botanical forms with the follow-
ing rules:

0— 1[0]1[0]0
1—11

[—]

1—1

To see how the rules work, suppose
one starts with the string consisting of
a single 0. For each left-hand symbol
from the list one substitutes its corre-
sponding right-hand symbol to obtain
the following strings in succession:

0
1[0]1[0]0
11[1[0]1[0]0]111[1[0]1[0]0]1[0]1[0]0

Such strings can be converted into
treelike graphs by treating each num-

Computer-generated fractal mountains imitate nature
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ber (0 or 1) as a line segment and each
bracket as a branch point. Both 0 and 1
segments are equal in length; they are
typically distinguished from each oth-
er by making all 1 segments bare and
placing a leaf at the outer end of each 0
segment.

The stem (or trunk) of the 1[{0]1[0]0
string, for instance, consists of the
three symbols not in brackets; a 1 seg-
ment is surmounted by a second 1 seg-
ment and topped off with a 0 segment.
Two branches, each consisting of a sin-
gle 0 segment, sprout from this formu-
la. The first branch is attached above
the first segment and the second is at-
tached above the second segment. Be-
fore studying the bottom illustration at
the left, readers might enjoy drawing
the first few generations of the struc-
ture. For the sake of realism, addition-
al interpretive features can be added to
the model. One might specify that for
any given stem (irrespective of wheth-
er it is the main one or not) the
branches should shoot off alternately
to the left and right. Not wanting to
impose anything more arduous on
those readers who would like to pro-
gram graftals, I am happy to suggest
mere stick figures for plants. The pro-
fessionals at Pixar convert the gram-
mar just described into beautiful
plants such as the ones in the top illus-
tration on page 18.

A two-part program called PLANT
generates the nth string in the sequence
above and then renders it as a line
drawing. In its first phase PLANT main-
tains the strings it generates in two
symbol arrays known as stringA and
string B. Each generation of plants oc-
cupies one of the two arrays in an al-
ternate manner: the generation in one
array is derived from the previous gen-
eration in the other. It is not strictly
Subdividing triangles makes a mountain necessary to store symbols in these ar-
rays; the numbers 0, 1, 2 and 3 will do
nicely as long as the program substi-

4 tutes correctly.

The L-system rules are embodied in
conditional statements. For example,
the following bit of algorithmic code
can be adapted to convert a 0 in the ith
position of stringA into nine new sym-
bols in string B:

if string A7) = 0, then

3 string B(j) <1
stringB(j + 1) 2
stringB(j +2)—0
stringB(j + 3) <3
stringB(j + 4) — 1
2 stringB(j + 5) —2
stringB(j + 6) —0
1 stringB(j + 7) <3
stringB(j + 8) —0

T je—Jj+9

Four generations of a graftal plant Here 0 and 1 stand for themselves
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while 2 and 3 stand for [ and ] respec-
tively. If the ith symbol of stringA is O,
then the program installs the sequence
1,2,0,3,1,2,0,3,0 in nine consecutive
positions of the array stringB starting
at index j (the first position of the lat-
ter array that has not yet been filled).
A single loop in the first phase of
PLANT contains four such conditional
statements, one for each possible sym-
bol encountered. The loop uses the in-
dex j as a reference to the symbol of
the present generation currently being
processed. The loop is executed for as
many generations as the graftal artist
wishes. At each stage PLANT may ques-
tion the user whether or not anoth-

er (longer) string of symbols is wanted.

The second, or graphic, phase of
PLANT converts the string produced by
the first phase into a drawing. It does
this recursively. As long as no left
bracket, or 2, is encountered, it draws a
sequence of line segments in a given
direction. When a left bracket of a giv-
en pair is scanned, the program draws
the next line segments in a new di-
rection, 45 degrees counterclockwise
from the previous one. The end of the
procedure is signaled by the appear-
ance of the corresponding right brack-
et; here a leaf (whose shape and color
I leave entirely to the reader’s whim)
can be drawn. The appearance of a

Graftal plants from Pixar

A computer-generated image of billiard balls illustrates the ray-tracing technique

18

© 1986 SCIENTIFIC AMERICAN, INC

second left bracket causes the process
to repeat, except that now the new di-
rection is 45 degrees clockwise. The
rest is automatic.

PLANT uses a scaling factor that de-
pends on the complexity of the plant
being drawn. The nth generation, for
example, is approximately 27 seg-
ments high. If the screen is 200 pixels
high, segments must be shorter than
200/2n. Ambitious readers will un-
doubtedly attempt variations in the
generating grammar, branch angles
and leaf shapes. If such variations are
run on the same screen, landscapes of
plants and trees (not very realistic, ad-
mittedly) will appear.

The crystal ball in the hypothetical
Tolkien film would be made by means
of a technique called ray tracing; the
flaming battlements would be simulat-
ed by tracking the motion of a large
system of particles.

Ray tracing requires one to specify
both the three-dimensional geometry
of a scene and the position of a light
source. When light leaves a source, it
embarks on a complicated history of
reflections and refractions. The eye of
an observer standing in the scene will
intercept some of the rays of light
streaming from the source but will
miss many—in fact most—of the oth-
ers. To save computing time and pow-
er the ray-tracing technique works in
the opposite direction. Imagine for a
moment that light leaves the eye in-
stead. A wide bundle of rays fans out
into the scene. If a ray strikes a reflect-
ing or refracting surface, it zooms off
in a new direction determined by the
laws of optics. Ultimately the ray will
strike an absorbing surface, and it
takes on whatever color is assigned
there. That color is recorded at the pix-
el corresponding to the direction of the
original ray.

An example of an image generated
by the ray-tracing technique is shown
at the left. A relatively simple history
is experienced by the rays traced in the
billiard-ball scene. On the surface of
the balls we can nonetheless see reflec-
tions of the interior of a poolroom and
a man holding a cue as he stands and
watches the shot.

The large system of particles that
might be used to generate the flaming
battlements is a logical outgrowth of
the little clouds of dots that symbol-
ize miniature explosions in video and
computer games. A particle system at
Pixar is much more sophisticated than
such chicanery, however. Within a cer-
tain region a host of particles live,
move and have their being. Under
computer control, each particle is a
point that moves according to pre-
scribed dynamics. Born at some time,
it is allowed to move for a while, per-
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haps even giving birth to new particles.
Then it may die.

Particle systems were spectacularly
featured in a scene from the film Star
Trek II—The Wrath of Khan. A Gene-
sis bomb is dropped on a dead, cra-
tered planet. The bomb creates a ring
of strange, sparkling flames that even-
tually engulf the planet. When they fi-
nally die out, we see the surface trans-
formed into a lush biosphere. The ef-
fect was produced by Pixar in its
earlier incarnation as the Lucasfilm
Computer Graphics Laboratory. The
expanding ring of fire consisted of par-
ticle systems in which some particles
gave birth to entire new systems. The
new systems featured particles shoot-
ing upward from the planet’s surface,
changing color and even falling back
again under the influence of gravity.

Alvy Ray Smith, who directs re-
search and development at Pixar, took
me on a tour of the company when
I visited San Rafael. Smith is famil-
iar to Scientific American readers for
his work with cellular automata [see
“Mathematical Games,” February,
1971, and “Computer Recreations,”
August, 1985]. In addition to Smith,
who pioneered the graftal approach
to computer plant life, I met Loren
Carpenter, who specializes in fractal
mountains, Robert L. Cook, an expert
inray tracing, and William Reeves, the
originator of particle systems. In the
middle of a discussion about graphics
software, Smith surprised me by say-
ing that the company’s main busi-
ness is not so much the production of
special effects for Hollywood as it is
the manufacture of a special-purpose
graphics computer called, naturally
enough, the Pixar Image Computer.

At the heart of the Pixar Image
Computer is a 24-megabyte, 2,000-by-
2,000 pixel memory. That is more than
enough resolution for most applica-

tions. Each pixel, moreover, is repre-
sented by 48 bits of memory, enough
to store copious information about
color and transparency. The Pixar’s
massive memory is managed by four
parallel, high-speed processors that
are fully programmable. They can ex-
ecute approximately 40 million in-
structions per second, a speed several
orders of magnitude greater than that
of ordinary computers. A video-dis-
play unit communicates with mem-
ory at a speed of 480 million bytes per
second.

The Pixars were first shipped this
May. They are destined for careers in
medical imaging, remote sensing, engi-
neering design and animation. Perhaps
they will even be used to generate my
hypothetical film.

Wallpaper for the mind, the sub-
ject of this department in Sep-
tember, treated computer images that
are almost but not quite repetitive: a
kind of wallpaper not yet seen. In fact,
however, patterns resembling these
were known a generation ago. Michael
Rossman, a writer and political com-
mentator living in Berkeley, Calif,,
coined the phrase “wallpaper of the
mind” in 1971. He was referring to the
delicate patterns seen with the eyes
closed after the ingestion of LSD.
Rossman writes: “It ‘looked’ like wall-
paper, never striped but of repeti-
tive motif: orderly constellations of
parrots, starfish, lightbulbs, snow-
flakes, unnamable Rorschachs, chang-
ing in profligate creativity....the im-
ages evolved one from another in
chain, as if some infinite linear Escher
print of metamorphoses had been ani-
mated in a movie.”

Readers will remember that the sim-
plest wallpaper program described in
the column belonged to John E. Con-
nett of the University of Minnesota.

A scene from the Genesis sequence in Star Trek 11
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According to his prescription, the co-
ordinates of each pixel are squared
and added together. The result is trun-
cated to an integer. If the integer is
even, the pixel is colored black; if it is
odd, the pixel is colored white. The ap-
pearance of wallpaper—horizontal and
vertical repetitions—may be explained
in part as a moiré phenomenon: two
patterns are implicit in the forego-
ing description and their superposition
creates the effect. The first pattern is
the rectangular grid of pixels that con-
stitute one’s display screen. The sec-
ond pattern is a series of concentric
rings that represent points in the plane
for which Connett’s procedure gen-
erates an odd number. The wallpaper
arises as a result of repetitive interfer-
ence patterns in the horizontal and
vertical directions. A number of con-
secutive grid points may happen to fall
within rings, the next bunch will then
fall without, and so on. As the distance
from the origin increases, the rings be-
come progressively thinner, ensuring
that hits and misses will occur along
any line of grid points.

As if to reinforce these remarks,
Paul Braun of Simi Valley, Calif., al-
lowed impatience to get the better of
him. It took so long to fill his computer
screen that he decided to sample the
pattern by displaying every ninth pixel
in both the horizontal and the vertical
direction. In compressed form the re-
sulting image looked nothing like the
original; Braun had in effect changed
the grid size and thus altered the inter-
ference pattern.

Otto Smith of Port Townsend,
Wash., found he could change the
moiré pattern considerably by merely
varying the color scheme. Like many
readers, Smith selected formulas other
than Connett’s. Certain sums or prod-
ucts of simple trigonometric functions,
for example, produce wild, swirly im-
ages reminiscent of the colored-ink
patterns that used to adorn the inside
covers of quality hardbound books.
Smith also points out that moiré pat-
terns and other interference effects
crop up regularly in computer graph-
ics. In such a context they are known
as aliasing: the tendency of unwant-
ed imagery artifacts to appear when a
picture with much regular variation in
it is digitized.

I was touched to receive a miniature
hand-held film made by Douglas W.
Raymond of Orinda, Calif. It consists
of consecutive, minute prints of Con-
nett’s wallpaper in which the grid size
is gradually increased. The prints are
sewn tightly together and the produc-
tion unfolds as one riffles the edge of
the resulting booklet with the thumb.
Raymond calls the film “Small Bang
with Aliases.”
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BOOKS

Deck the halls with new books

about science for young readers

by Philip Morrison

Maps and Field Guides

TLAS OF NORTH AMERICA: SPACE
AGE PORTRAIT OF A CON-
TINENT, Wilbur E. Garrett,

editor. National Geographic Society
($39.95; flexicover, $29.95). About as
many of the large pages of this new
North American atlas are devoted to
colorful video images from space as
are given to the clearly printed politi-
cal maps. The false colors of the video
images—a few are even made to look
rather natural—are the only barrier to
viewing the picture as a photograph
from above, an easy stance for a begin-
ner to adopt. Yet the images are coded

in color and displayed in a variety of
scales. Each image was made at a par-
ticular time, perceived by a number of
different sensors. Through such com-
parisons the familiar, more abstract
drawn maps, necessarily crowded with
text and symbols, acquire clear mean-
ing. This is an inviting and instruc-
tive way for young readers to under-
stand what a map does—and does not—
represent.

The Southeastern states, for exam-
ple, are conventionally mapped from
Hatteras to Key West and Natchez, the
towns and streams and roads clear-
ly marked. The overleaf from that
spread displays a nighttime radiomet-

A Landsat image of the San Francisco Bay region
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ric satellite image, coded for tempera-
ture, which crimsons that same long
coast with the Gulf Stream eddies of
one November night. The map and ra-
dar image are followed by an Apollo
close-up of the barrier islands just
north of Hatteras, as well as Landsat
photographs of the long, hazy ridges
parallel to the Cumberland Mountains
and of the Everglades and their man-
grove fringe. Another page shows the
Great Lakes in a big Nimbus image,
deep blue within a green land; else-
where the cities of New York and San
Francisco appear from orbit. A Land-
sat photograph of the end of the Gulf
of Honduras makes the nature of un-
derdevelopment quite clear: the edi-
tors title the page “Coping in a hard
land.” A single road, its yellow dirt
surface a long scratch across the deep-
green forest, is the only overland link
between two national capitals.

The touch is not always sure. There
are many maps of North American
cities, neither done to a single scale nor
yet very detailed. Other pages offer
state birds and flowers, lists of parks
and public events, and similar data.
More useful are thematic maps of the
continent, indicating population, ener-
gy sources, geology and much more.

It is still true that a $6 paperbound
annual Rand McNally Road Atlas of-
fers more bread-and-butter locational
references for North America’s towns
and highways, and better city maps,
than this big volume can. (Two excep-
tions are Alaska, which is done much
better in the big book, and Mexico.)
Yet as an aid to the study of maps that
opens a door wide to their enjoyment
this striking atlas is a runaway success.

N EXPLORER’S HANDBOOK: AN UN-
CONVENTIONAL GUIDE FOR TRAV-
ELERS TO REMOTE REGIONS, by Christi-
na Dodwell. Facts On File Publica-
tions ($14.95). “For my camel, I had to
use Turkana commands.... To make
him hurry up and walk briskly it was
usual to sing a camel-song, calling
‘Ha, ha, brrr; hei, hi-ho-ha’ in random
tones, notes and sequences. When two
or several people are doing this, it all
blends together into a curiously beau-
tiful melody.” In much the same way,
the highly practical information the in-
sightful author has packed into her
brief book blends into a siren song of
worldwide daring. There are strong
harmonies of consummate craftsman-
ship, empathy and natural courtesy to-
ward strangers, and there are happy
endings.

The author spent seven years wan-
dering over four continents on two feet
or four, by water and by wheel. In one
cogent spread she outlines quantitative
expectations for eight kinds of pack



animals, from donkeys to camels. Ele-
phants “are interminably slow walk-
ers,” and it may take months to earn
your animal’s trust. A long trip with
horses can average 20 miles a day, at
200 pounds per horse. Camels carry
three times that load a little more
slowly. The author’s tips include ad-
vice about getting out of tight corners
with the human beings one encounters.
Stay overnight in the village of peo-
ple who seem hostile; they are honor-
bound to protect guests, even if they
might rob you in the bush. Country
folk have the stricter codes of conduct;
the remoter the region is, the safer—in
general—is the traveler.

The second major topic is the choice
of campsite, its fire, water and house-
keeping. Fire making is treated with
the care it deserves. It seems easy until
you try; the craft lies in the arrange-
ment of the fuel. Water is even more
vital; in the desert it is training your-
self not to drink casually that counts.
“Drinkable water may be white, yel-
low, black, red, brown,” for general-
ly mud settles. Suspicions of hepatitis
and bilharzia demand microbial vigi-
lance by boiling or tablets.

Food receives close attention. There
is an eloquent recollection of one de-
sert gingerbread, baked of maize flour
and camel’s milk in embers glowing
within a stone-lined hole, camel herds-
men nearby. “They sat down near
my camp, but...they weren’t watching
me.... In a high nasal voice.. .he sang
his strange falsetto song” to the horse.
They had never seen a horse in this
part of the world; the song was in rev-
erence. The spicy loaf was shared.
“Baking can be a wonderful thing.”

No meat is wasted. Elephant trunk?
Prepare it like beef tongue. Smaller
heads are used in full, often baked
whole in hot ash, after they are de-
furred and the mouth and ears are
cleaned. Fruit bats are good to eat,
along with field mice, all vegetable-
eating rats of the bush, and many
grubs and insects. Roast grasshoppers
mix well with peanuts; curried locusts
are good, although oily.

This book is a gleaming amalgam of
adventure with hardheadedness, a find
for good readers of any age who want
to learn both to plan and to dream.

HE FIELD GUIDE TO PREHISTORIC

Lirg, by David Lambert and the
Diagram Group. Facts On File Publi-
cations ($17.95; paperbound, $10.95).
If it is not literally a field guide, this
book, a bargain in paper, stakes a quite
arguable claim. The experienced au-
thor and the London design studio
have put together a first-rate begin-
ning book in paleontology, one that
marches presto across 120 spreads,

Traces of a Roman legion’s camp, revealed in an aerial view of a wheat field near Vienna

each bearing a brief up-to-date text
and many drawings.

A typical early spread shows the
small silhouette of a man standing on
the topmost of eight platforms, each
broader than the one above it, each oc-
cupied by a number of forms repre-
senting all eight classifying categories
from the superkingdom Eukaryota to
the species Homo sapiens. A much lat-
er spread of placental pioneers shows
small marginal sketches of platypus,
wallaby and shrew; next to each ani-
mal are diagrammed the pelvic open-
ings that distinguish the three mamma-
lian groups. On the opposite page we
see a simple reconstruction of one ani-
mal from each of five early orders of
mammal. Other pages provide a chick-
en to give scale to huge flightless birds,
and a light battle tank to help assess
three plated dinosaurs.

The essential background is not
slighted. Here are small maps show-
ing the continental masses at various
times, charts of the geologic periods
(including the epochs of the Cenozo-
ic), times of mass extinctions, the tree
of five-kingdom life and simple ac-
counts of the methods and goals of pa-
leontologists. The center of the work
consists of seven chapters that de-
scribe and display forms of the main
groups over time. Plants and inverte-
brates get a chapter each, but the ver-
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tebrates take pride of place: chapters
class by class, each with drawings and
diagrams large and small, so that the
look becomes that of a careful field
guide. What a time it must have been
in the late Miocene of North America,
when graceful protodeers such as
Synthetoceras chewed its coarse cud,
and Cranioceras its better-processed
one, both forms in full enjoyment of
three horns each!

A few pages list and annotate the
main museums in two dozen countries
where interesting fossil collections are
on display. (There are imposing Gobi
dinosaurs to be seen in Ulan-Bator.)

HE PRACTICAL ARCHAEOLOGIST:

How WE KNow WHAT WE KNOW
ABOUT THE PAsT, by Jane Mclntosh.
Facts On File Publications ($18.95).
Again a London production group has
made a first-rate book, well conceived
and executed, good for readers young
and old. The text is the work of a Cam-
bridge archaeologist, who has told an
up-to-date and expert story of coming
to know the past. She begins with a
quick history of the science, describes
the growth of methods for work in the
field, particularly dating and mapping,
continues with the essential work done
after excavation has been completed,
and closes with a survey of the theo-
retical issues of the day. A coda re-
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cords with photographs the month-by-
month progress of a dig in Billings-
gate, City of London, in which John
Schofield reports how they made their
way patiently down through 10,000
layers from fish market to a Roman
riverside quay.

It sounds like a fine textbook, and
rather a personal one; on it has been
placed a structure that makes it much
more widely accessible, at the price of
striking a certain staccato tone. The
volume is organized within its large
divisions topic by topic, one or two
pages at a time, each page offering
valuable pictures and diagrams, some
in color. The topics include Egypt,
Knossos, the grid technique of excava-
tion and the extraordinary bulls’-head
shrine at Catal Hiiyiik. There are four
fine pages on dating techniques and
one on the origins of agriculture.

Itis nonetheless not aragbag; the in-
telligence and scholarship of the au-
thor keep the line of argument strong
through the kaleidoscope of scenes.
An encyclopedic quality is surely pres-
ent, one that encourages more sus-
tained attention. If a single spread on
Mohenjo Daro and a Shang bronze
vessel, both in color, can be taken for
what it is and not for what it omits, the
work is a success. It certainly brings
value to any school library and to
many a home, class or club.

OADSIDE GEOLOGY OF NEW YORK,
by Bradford B. Van Diver. Moun-
tain Press Publishing Company, P.O.

-
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Box 2399, Missoula, Mont. 59806 (pa-
perbound, $12.95, postage $1). The
field geologist walks out the forma-
tions, hammer and sample bag in
hand. The art is long. But a royal
road to some grasp of the geologic
picture exists for the purposeful mo-
torist who views the same landscape
less intimately, although at a com-
parable scale. What the touring family
needs is the nontechnical guidance of
a knowing geologist, with interpre-
tation keyed carefully to the view
from the highway, or sometimes from
a vantage reached on foot.

This inexpensive guide to the excit-
ing if complex geology of the Empire
State was prepared by an expert geol-
ogist at the State University of New
York at Potsdam. He and his wife
have happily toured and logged al-
most 5,000 miles on the state’s motor
roads. Nearly 60 stretches of num-
bered highway are described here and
anatomized in many photographs and
suitable geologic maps; each page cov-
ers about 25 miles. The book draws
heavily on plate tectonics, a narrative
in which New York appears as a front-
line state. A second theme is equally
fundamental: the bones of the state,
shaped in the deep past when the At-
lantic was juvenile, are well clothed in
most places by processes that ice much
more recently set in motion.

The Niagara Frontier earns the first
close account, geology caught in the
act. A second exciting upstate tour cir-
cles and recircles the Finger Lakes,

Nesting pteranodons, large late Cretaceous pterosaurs
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where the story of the glacial past is
plain. Then there is the great dome of
the Adirondacks, new mountain forms
built out of ancient rocks, perhaps the
work of a still rising plume. Downstate
people have plenty to see as well, from
Montauk to the Palisades. As one
prize, consider the suspected meteor
crater six miles across, to be viewed
from state route 28 not far beyond
Kingston!

This guide is one of an ongoing se-
ries. The publisher has managed so far
to find enough expert and enthusiastic
authors to treat half a dozen states and
three mountainous national parks.

Biology

TEROSAURS, THE FLYING REPTILES,

by Helen Roney Sattler, illustra-
tions by Christopher Santoro. Loth-
rop, Lee % Shepard Books ($13).
WHAT THE ELEPHANT WAS: STRANGE
PREHISTORIC ELEPHANTS, by Miri-
am Schlein. Illustrated with museum
drawings, paintings and photographs.
Atheneum ($15.95). THE DINOSAURS
AND THE DARK STAR, by Robin Bates
and Cheryl Simon. Illustrated by Jen-
nifer Dewey. Macmillan Publishing
Company ($11.95). These three excur-
sions into paleontology differ in form
and scope. They all present vivid re-
constructions in word and picture that
import into grade school science a de-
licious fear of monsters and dragons
that cannot harm—certainly part of the
timeless appeal of these creatures long
gone. The books also do much more:
all three offer something of the evi-
dence and the reasoning that led to the
imaginative results.

The freshest of the books offers a
remarkable set of large paintings in
plausible colors (what a lively reptilian
chick looks out at you!); it treats the
reptile group—not closely related to
stegosaurus, brontosaurus and Kkin-
dred species that ruled the skies dur-
ing the Age of the Dinosaurs. A fine
page shows the bones and imprint of
the “shaggy devil,” Sordes pilosus, ex-
posed in 1970 on fine-grained golden
stone by a Soviet researcher. Its entire
body was visibly furry, and the warm-
blooded nature of these small early fli-
ers becomes plausible. When the artist
gives the big Pteranodon white fur, we
are told that the conjecture suits the
seagoing 30-foot flier as camouflage
against its surface enemies. Another
toothy flier was surely a fisheater, be-
cause “fossil fish have been found in
its rib cage.” Toward the end of their
time some reptilian fliers grew to re-
markable size, as big as sailplanes.
Here one ultralight form is recon-
structed in the role of an enormous
vulture, a couple of them scavenging



the great carcass of a herbivorous di-
nosaur. They may have soared in ther-
mals to seek food, and could probably
lift off in a light breeze.

The second volume, illustrated with
black-and-white versions of museum
paintings of the old forms along with
photographs and drawings (the jack-
et reproduces one famous mammoth
painting in color), tells a similar tale
about elephants. Once again the evi-
dence spins a tale of wonder, although
the morphological story is subtler; we
cannot quite grasp here how the trunk
is inferred from the nasal bones of the
fossil skulls. The sequence, though, is
clear and evocative; the four-tusked
early elephants and a later form that
held its trunk off-center from its close-
ly spaced tusks are striking finds. A 16-
foot tusk recurving toward the body
of a huge woolly mammoth is a sight
to behold.

The third volume tells clearly and
concisely the celebrated tale of how
the dinosaurs were done in (as diverse
investigators maintain) by the conse-
quences of periodic cometary colli-
sions. Enough context is offered to
make the story clear to grade school
readers, and the grave doubts that sur-
round the Nemesis hypothesis are not
neglected. The drawings that decorate
most page bottoms and margins are
helpful, although the scale of one that
shows the famous layer of clay at the
end of the foraminifer-rich limestone
in Gubbio is obscure. Even if the dark
star is not there, its story is well told.

HE ENCYCLOPEDIA OF INSECTS, edit-
ed by Christopher O’Toole. Facts
On File Publications ($24.95). The
work originates in Oxford; the editor is
an entomologist there and nearly all
his 20 expert authors are from the two
gray-stone universities or from the
Natural History Museum in London.
The uncommon good sense of the col-
laborators has allowed this slender ref-
erence volume to escape pedantry. In
addition to insects the work sensibly
discusses all the related arthropods
that dwell on land, such as millipedes,
spiders and scorpions. (Marine crea-
tures of all leg counts are excluded.)
The plan is familiar: there are two
dozen chapters, each with a brief, up-
to-date text and a carefully chosen set
of illustrations. A mixture of showy
photographs and paintings in color
evoke some authentic wonders; care-
ful diagrams and close-set boxed text
offer detail. The articles are concise
and introductory in approach and se-
rious in content. They neither avoid
technical words and matter nor neglect
important arguments.
The first few entries are incisive dis-
cussions of general importance. They

Clustered nymphs of the Australian shield bug

touch on evolutionary history, chitin
and exoskeletons, development, flight,
pheromones and the like. The rest are
accounts of groups of related orders,
from bristletails to spiders.

Some samples picked out on a stroll
through the rich pages will help to sup-
port this appraisal. Text and a picture
of a generalized body plan for an ar-
thropod celebrate the common wrap-
ping of all these animals, the cuticle. A
polysaccharide-and-protein compos-
ite, it is sometimes hardened by cross-
linking (tanning), sometimes by miner-
alization. The termites are thoroughly
described. They harbor pools of orga-
nized microorganisms, not only the fa-
mous gut protozoa but also many oth-
er bacterial and fungal forms with
powerful biochemical abilities.

One photograph, all greens, light
and dark, shows—if one looks hard—
a stick insect from Venezuela that
matches its aging leaf background by
means of a set of lichen-mocking fan-
like outgrowths. Such parasites as lice
and fleas are well treated, and the
90,000 species of true flies are dis-
cussed with some affection, all the
more unexpected since an accompany-
ing section makes it clear that the two-
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winged flies are “by far the worst in-
sect scourge of mankind.” Some are
flying syringes, some are flying con-
taminant smears, and some (the bot-
flylike forms) deposit eggs which turn
into larvae that feed within the open
wounds they make in the living host.
This is a fresh adult reference in
adult language, made unusually acces-
sible to interested young readers by its
brevity, visual appeal and topical or-
ganization into small parts. There are
several companion volumes also.

TATE BIRDS, illustrations by Ar-
thur Singer and Alan Singer, text
by Virginia Buckley. E. P. Dutton
($14.95). The father-and-son pair who
here so handsomely depict in full color
the birds in their habitats hold a certi-
fied authority: it is they who painted
the designs for the stamps issued by
the U.S. Postal Service in 1982 that
represented the 50 emblematic birds
and flowers.

Seven states have chosen the cardi-
nal, now a widespread showy subur-
banite. Two states have picked domes-
ticated birds. One of them is the hardy
Rhode Island Red that Isaac Wilbur
bred and made famous at the turn of
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the century; few New England kitch-
ens will as yet accept the white eggs of
other stocks when they can find the
decorous brown eggs laid by Red hens.
The second is the Blue Hen’s Chicken,
the gamecock taken to camp by a com-
pany of sporting Delaware soldiers
during the War of Independence, now
more a tradition than a living bird.
There is discriminating taste in Louisi-
ana’s choice of the brown pelican, un-
gainly in form but superbly graceful in
diving flight, and in the selection by
lake-dotted Minnesota of the common
loon with its compelling call and wild
laughter. Vermont named the hermit
thrush, whose fluid song and literary
prominence end this muster with dis-
tinction, 28 forms for 50 states. Birds
have no need to fit state boundaries
one by one.

IN THE PoND, by Ermanno Cristini
and Luigi Puricelli. Picture Book
Studio USA, distributed by Alpha-
bet Press, 60 North Main Street, Na-
tick, Mass. 01760 ($9.95; paperbound,
$4.50). Some dozen painted spreads,
wordless, open, cool and colorful, dis-
play thelife of a pond in summer, both
above and below the surface: the prob-
ing beak of the stilt, the trowel of the
mallard, the tree frog leaping for a

ok

dragon fly, the cattail, the inchworm,
the kingfisher.... The pages form a
panorama arranged so that the young
reader—who needs no skill at all with
text—can come to grasp the geography
of this enclosed world. Two final
black-and-white pages offer a key to
the arrangement and to the 30-odd
forms painted, and there is an opening
half page of text. The delightful little
book, of European origin, has two
close kin made by the same artists, one
of the woods and one of a garden.

Single Species

HOEBE THE KINKAJOU, by Dorcas

MacClintock, photographs by El-
lan Young. Charles Scribner’s Sons
($12.95). Nine bronzed furry pounds,
long graceful tail and big eyes, Phoebe
is a raccoonlike omnivore who moved
with liquid grace through the high
leafy canopy of the Panama rain for-
est. She was brought to Harvard by
Deedra McClearn for a study of arbo-
real locomotion; kinkajous have swiv-
el ankles, go down tree trunks head-
first and hang easily by hind feet they
can reverse 180 degrees. Once her
three years of clambering work was
finished, the expert author-naturalist
adopted Phoebe as a live-in guest.
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Phoebe the kinkajou, hanging from a tree limb by swiveling her hind feet (right)
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The book is an account of how to
live with an animal on terms that are
not those of a pet but instead fit a
creature whose “ways are those of the
wild and must be respected.” Phoebe
is strongly nocturnal; raccoons that
feel safe will forage before dusk and
after dawn, but not Phoebe. She stirs
first at dusk, comes out of her basket
by dark, spends an active evening,
drapes herself for a midnight rest on
some shelf and grows busy again in
the darkest hours before dawn.

But her people, diurnal primates,
slept next to her room; she kept them
awake during the small hours by rac-
ing about, even nibbling their toes.
Mutual adaptation was called for.
They undertook to reset her biological
clock. That required only a few days.
The window shade in her room is now
pulled down at midday. The sharp cut-
off of daylight resembles the rapid
nightfall of her tropical forest; she
judges that the sunny time of sleep
has ended. Phoebe stretches, yawns,
grooms and slowly begins her active
hours. Sometimes she comes down-
stairs in the evening, but she soon goes
back up to her own dark room with
its climbable tree branches and high
walkway. At midnight the light comes
on in there; that surrogate sunrise sig-
nals her bedtime. Tired Phoebe turns
in, although it is never too late for her
to enjoy a nightcap marshmallow of-
fered by a friend.

In this matter-of-fact illustrated text
we read of the simple physiology of
Phoebe’s low metabolism at rest, of
her relish for bananas and grapes en-
riched by smelts daily and an egg now
and again. She uses her scent glands to
mark favored people and door tops
with distinct musklike odors. She is a
keen listener and makes many noises
of her own; her eyesare more for shad-
owy images in the darkness than for
detail. Her touch 1is delicate, even
though her somewhat bearlike fore-
paws are not as deft and long-fingered
asaraccoon’s.

Here is the evidence that close ob-
servation, the literature of science and
depth of understanding make indis-
pensable human contributions to an
unlikely partnership. There was a song
of the 1930’s that went: “When you
do the Kinkajou,/You’ll dance be-
fore you think you do....” Any grade
school reader who has ever seriously
wanted to make a pet of some unfamil-
iar animal will learn from and delight
in Phoebe’s story. There are many
ways to dance the Kinkajou.

UFFALO: THE AMERICAN BisoN To-
DAY, by Dorothy Hinshaw Pat-
ent. Photographs by William Mufioz.
Ticknor & Fields ($12.95). SavinGg
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Because they're fasterand more
powerful than silicon chips,
microchips made of gallium
arsenide are the future of
information processing.

But when gallium arsenide is
“grown”on Earth,imperfections

occur that can render it useless.

In gravity-free space, gallium
arsenide can be made pure
enough for all its applications:
Small computers, fiber optics,
satellite Earth stations,

electronic defense systems.

That's one reason why
McDonnell Douglas is working
with team members RCA, IBM,
Lockheed and Honeywell to put
amanned space station in orbit
in the 1990s.

For three decades, we've
worked toward making a
manned station operational.
We've built space laboratories,
flown space factories and tested
space station frameworks.
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And we've developed the first
gallium arsenide computer chip
to be used as a microprocessor.

Gallium arsenide microchips
could revolutionize the power
and economy of information
processing. And we think that’s
a very good reason to build a
computer materials center
like no place on Earth.

For more information, write:

McDonnell Douglas, Space Station,
P.O. Box 14526, St. Louis, MO 63178.
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THE PEREGRINE FALCON, by Caroline
Arnold. Photographs by Richard
R. Hewett. Carolrhoda Books, Inc.
($12.95). Once the buffalo roamed, 50
million of them, from Reno east to
Buffalo (where else?) and from Yel-
lowknife south to Tampico. In 1900
the watchers could count only 20 head
in the wild, all in Yellowstone Park.
Now the shaggy bands of tens to hun-
dreds of animals of all ages graze on
many scattered green mountain mead-
ows and prairie pastures, private and
public, across the U.S. and Cana-
da. Unfenced Yellowstone Park still
counts about the largest herd, a score
of bands; in all perhaps 100,000 bison
live wild. “The American bison has a
secure future”—if we have.

A new ecology of European cattle,
Mesoamerican corn and many exotic
Americans has replaced the old symbi-
osis on the plains that was stable until
the horse, the rifle and the railroads
came. Brief textandlens look together
here at great woolly heads and slender
calves season by season: the big bison
able to plow away many feet of snow
to uncover the grass, the jumpy little
calves close to their protective moth-
ers in early summer, bulls fighting in
the season of rut as summer ends,
and the October roundup on man-
aged range. A list of a couple of doz-
en public parks where these tokens

of the wild past can be observed
closes this brief, clear, well-illustrat-
ed book for any grade school reader
who likes animals or hankers for the
legendary West.

The stoop of the peregrine falcon at
dive-bomber speed is newly familiar in
the high-rise cliffs of office buildings
from Los Angeles to Nairobi, and
more frequent in its old haunts too. Its
prey are the crowds of pigeons and the
small birds of the land. This fierce and
beautiful bird was facing extinction a
decade and more back, both by loss of
habitat and by the effects of pesticides
stored in the flesh they fed on. The
simple text is made vivid by attractive
photographs in color. We see fuzzy
chicks and grown birds and devoted
people climbing mountain rocks to
claim thin-shelled eggs for artificial in-
cubation and hatching in a few centers,
perhaps doubling the rate of survival
of the young.

Organized effort, including weeks of
human help with feeding and nesting,
has at least for the present staved off
the end of the peregrine. The account
(graspable by any moderately skillful
reader) centers on modern bird-rear-
ing practice, from the sounds of radio
in the breeding cages to helicopter
transport back to the remote aerie.
This is a tale of knowing interven-
tion, surely a faint echo of falconry.

Our species and these raptors pre-
serve their old and paradoxical bond.

Technology and the Physical Sciences

IVER AND CANAL, written and illus-
trated by Edward Boyer. Holiday
House ($11.95). In only 20 years, be-
tween 1815 and 1835, more than 3,000
miles of navigable canals were built in
eastern North America. Canals were
the easiest and cheapest means of ship-
ping grain from the new farmlands
and sending goods in return. Among
the lesser-known entrepreneurs of that
time were Ezra Horne and Joshua
Warren, who formed a company to
build a canal from the fall line of
the Pocosink, nowhere navigable as it
came down the mountains, up to the
divide at Nesco Gap on Allegheny
Mountain. There would be a short
portage to the Bleak River, then the ca-
nal would continue westward down
the Bleak to the Ohio. The compa-
ny was chartered by the legislature
amidst great enthusiasm in “A.D. 1817,
and of Independence the 51st Year.”
A fine spread shows a period ‘““aerial
view” and a full section of the Po-
cosink Navigation, drawn up for the
company’s 30th anniversary. All 280
miles are mapped and profiled; the
first locks lie only a few miles up the
Pocosink, at Little Falls. Nesco, 200
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mule-drawn miles west, is reached af-
ter a slow ascent of 726 feet through
some 15 sets of multiple locks, 10 feet
of rise at each lock. The railroad car-
ried half-size boats over the summit,
pulling car and boat by eight-inch
hempen cable, powered by the largest
steam engines on the continent. The
summit was crossed nearly 600 feet
up, and then the boats went downslope
by rail to the Bleak River, where locks
led down to the Ohio. The canalboats
were drawn on a marvelous suspen-
sion aqueduct from just above the
mouth of the Bleak to the final turning
basin across the Ohio. Ten-inch cables
built up of thousands of wrought-iron
wires cleverly spun in place bore the
aqueduct’s weight. The structure was
inaugurated in 1848; the backwoods-
men “were astounded by the sight of
a 140-ton canal boat gliding 48 feet
above the mighty Ohio.”

The author-artist is a landscape ar-
chitect and a devotee of canals. He
would concede that the Pocosink and
the Bleak flow only from his pen, but
there is real precedent for everything
he has invented. The railroad portage
was built for canalboats across the Al-
leghenies in Pennsylvania, and its sum-
mit in Cresson is preserved today as a
National Historical Site. It was John
Roebling himself who built a suspen-
sion aqueduct at Lackawaxen, Pa.

The Pocosink Navigation Company
survived for only a century, like most
of its real counterparts. Its mason-
ry, navvywork and engineering were
more enduring than its economics; the
remains of the canal can still be found
if you go down by the river. The book
ends with a list of 20 of the most infor-
mative exhibits that mark the remains
of real canals in the U.S. and Cana-
da. Some of course are still in use one
way or another. The Rideau Water-
way runs for 123 miles of navigation,
through 47 locks south from Ottawa to
Lake Ontario that are today “almost
exactly as they were built.” Clarity of
technical and historical detail in text
and picture singles out this rich book;
it is easy to read and yet can repay
detailed study, in particular for good
readers who can hope to visit some
lock or quiet canal one summer day.

LANE CRAZY: A CELEBRATION OF

FLYING, by Burton Bernstein. With
illustrations by Edward Koren. Tick-
nor & Fields ($16.95). You can’t go
home again, some say. But you can, if
you are seized with passion for flight,
solo “for the first time” three times in
one life. The author soloed at 16, elat-
ed and trembling in a rattly yellow
Piper Cub. He tried again one preoc-
cupied flightless decade later, now an
aspirant for a New York writer’s ca-

reer. That time his flying lessons were
on the G.I. Bill; he took off in a rattly
yellow Aeronca. The third time he so-
loed he was a middle-aged father, nov-
elist and established writer. Having
gone 20 years without flying, he took
off in a svelte but intimidating brown-
and-white Cessna 152, from an airfield
near his Danbury, Conn., studio for
what certainly seemed the first exhila-
rating time—again.

The eloquence of Antoine de St.-
Exupéry and the perceptions of Wolf
Langewiesche long ago made classic
the sights, joys, introspection and fears
of the airplane pilot. This straightfor-
ward new narrative is equally an ac-
count of the joys of flight, although its
topic has widened, for flying is now as
much a culture as it is an experience of
hand and head. A million people fly
the airlines every day; it is less the
breathtaking views from aloft thanthe
recognition of a life-and-death respon-
sibility, acceptable only through un-
failing craftsmanship, that singles out
the joyful private pilot from us gawk-
ing and irritable passengers.

One coterie we meet is that of the
stunt fliers. There is a page or two of
history, in which we learn of the very
first time the loop was looped, over
Kiev in 1913 by Lieutenant Peter Ni-
kolaevich Nesterov. He reported the
famous blood-draining blackout; the
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Imperial Air Service reprimanded him
for so endangering the Czar’s proper-
ty. An account is provided of aerobat-
ics today through the work of Stanley
Segalla of Canaan, Conn., whose stut-
tering, stalling, finally silent maneu-
vers in a low-flying Piper Super Cub
begin as outrageous burlesque and
close in a display of utter mastery.

Even more winning is the story of
the people who inhabit the small air-
ports, the centers of private flight that
dot the American countryside. We vis-
it several, on island or in farming val-
leys, to share delight and disappoint-
ment at these junctions of sport, utility
and art. The little community at the
lunch counter, the lonely sound of the
flag snapping in the wind and the in-
tense and palpable concern felt for ev-
ery single takeoff and landing—all of
these signal this life.

Our ethnographer could not remain
aloof; the last of his visits was to an
airport at Post Mills, Vt. There one of
the owners turned out to be a record-
holding glider pilot. Her skill tempted
Bernstein to learn anew, now closer to
the flight of hawks. The final stylish
pen-and-ink drawing is surely intended
to entrap the by now persuaded reader
(eighth grade and up). It shows a light
plane dragging a banner across the
upper Connecticut valley: Fly & Soar
Post Mills.

HROW IT OUT OF SIGHT! BUILDING

AND FLYING A HAND-LAUNCHED
GLIDER, by Lawrence F. Abrams. Dil-
lon Press, Inc. ($10.95). Any boy or
girl who can manage a pretty good
overhand throw and a fair number
of hours of purposeful and painstak-
ing handwork can quite literally toss
a small glider, wingspan about a foot,
out of sight. Lawrence Abrams offers
a careful procedure for building such a
glider, a design he has flown in 5,000
test flights. There is no explicit theory,
although good reasons are given for
the detailed instructions. A small
group of youngsters who will work to-
gether could use this book very well;
reading it without actual construction
is of less interest.

The chief materials are a few dollars
worth of balsa wood, varnish and su-
perglue. The main tools are a sharp
knife and lots of sandpaper; of course
the specifications are much more pre-
cise than these generalities. Here are
patterns in full size, long step-by-step
instructions and closeup photographs
of the process and parts. One essential
is the airfoil section of the wing; the
form is made by careful sanding to fit
the pattern shown. A dime is required
as a thickness gauge.

Once the parts are cut, shaped, glued
and finished there comes first flight.
The plane must be carefully trimmed

before a power launch, “a very strong
throw upward.” Retrimming done, the
next step is a timed flight in stiil air. If
you can keep the plane up for 20 sec-
onds, you have a glider that can ex-
ploit thermals as the hawks do, and
some morning you may watch your
own little plane soar visibly for five or
10 minutes, thousands of feet up into
the sky, perhaps to disappear into the
clouds. It can come back; there is a lit-
tle spoiler you can make and mount,
timed by a slow-burning rope fuse,
that will, with luck, send the craft spi-
raling down out of the thermal and
backintosight.

The road to competition in this nar-
row but remarkably simple form of
model aeronautics is briefly charted
here too. Serious contestants use much
larger gliders. Their record for still-air
endurance is 93 seconds aloft inside an
airplane hangar. Outside, borne by the
thermals, gliders marked with an ad-
dress have been returned from tens of
miles away, after the better part of an
hour in flight.

ORKBOATS, written and illustrat-

ed by Jan Adkins. Charles
Scribner’s Sons ($11.95). “I want to
write a truthful book about men and
women and the sea,” without calling
on swashbuckling pirates and unchart-
ed islands. “The big sailing ships are
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gone, and the islands all have names.”
That is certainly true around the intri-
cacies plotted on chart 131416, repre-
senting coastal waters from Province-
town to Block Island. Jan Adkins has
drawn that same chart to open his true
book. Lying on it are his tools, calcula-
tor, compass, pencils, pens and paral-
lel rules.

Thetale is about a day when a storm
was coming. No one would take out a
small motorboat for fun. Only work-
boats large and small would be in the
bay, along with the Coast Guard ves-
sels that safeguard them. Peter Farrel
had set out in his little Boston Whaler
for some scalloping before the seas
rose, but he had not come back after
the weather turned.

This is the story of the small search
they made for Peter that fall day, and
of the people and the boats that took
some part.

They were many, from his friend
Skip in the yard boat, who was the first
to miss Peter, to the big Coast Guard
C-130 that flew at low altitude on its
cargo run to help look, the car ferry
out of Woods Hole, the buoy tender
Bittersweet, the dragger, the helicop-
ters, the tugs.... We see all of them,
drawn with careful line and shade,
and more: all the types of buoys, the
launches and cutters of the U.S.C.G,,
all the ferries and the tugs, the floats

and nets and rakes and traps of the
people who fish in coastal waters.

There was a false alarm: an empty
boat was seen adrift, but it was not Pe-
ter’s. A tug captain pushing a barge
full of oil south through the canal had
listened to the radio alerts all morning;
from his high pilothouse he caught
sight of something in the marsh as he
entered Buzzards Bay. He could not go
in there, or even stop for a closer look,
but he called up the Coast Guard as he
plowed on.

The right knowledgeable man in the
right shallow-draft boat picked Peter
up before long where he sat waiting
on the bow of his beached Whaler.
His arm had been hurt when the out-
board’s propeller had hit a rock; the in-
coming tide had carried him along.
The two came home together, the
Whaler under tow.

The text is as full of quiet warmth as
are the drawings of well-understood
detail. “The most truthful parts of the
book are the boats and the common,
everyday courage of the people on
them.” Salty young readers who have
a penchant for how boats work will
pore over thedrawingsfor along time:
finest kind.

MODERN DAY YANKEE IN A CON-
NECTICUT COURT, AND OTHER Es-
SAYS ON SCIENCE, by Alan Lightman.

Viking (paperbound, $14.95). Last
year a Bostonian, assistant manager of
a department store, found himself ly-
ing on the grounds of the Colt Armory
in Hartford in the summer of 1880,
hurled back in time by a chance blow
on the head. A passerby in a buggy
stopped to help. “You from New
York?” the man asked. (It was the fan-
cy clothes.) They locked him up soon
enough, charged with lunacy, once he
had tried to talk the Colt machinists
(who must have been a little provin-
cial) into starting on an internal-com-
bustion engine. “All you’ve told us are
the names of things,” they said, rea-
sonably, as he burbled on about gas
and air and spark plugs. Acquitted at
his lunacy trial, not by his vague testi-
mony but by a ballpoint pen, the Yan-
kee is sent back to 1985 by another ac-
cident, and we are left to muse over
counsel’s mocking question: “Do you
mean to tell me only a handful of peo-
ple from your century understand how
these things work?” Nor was it differ-
ent then; that Hartford judge could not
explain the telegraph.

Alan Lightman is a working theoret-
ical astrophysicist with a flair for in-
formal and easy-to-read prose over an
unusual range of stances and forms. In
this little volume there are two dozen
of his recent magazine pieces, a few as
tongue-in-cheek as the tale of the un-

very technical document, mixing text and graphics?

_..-,..-\.._
# e wrowry
Pl ey ©
1L, vl 0 e Aol st o s g e b e
The prrpemmd e = bt sl g fomm b e e Fa e o
T e u S sieaag e 0 G pr———— patta

¥ e s p—— e

Mo b rmive s i e e b e Gty f o
g o s ) Sp— A > .

1.1 Parmits and Approval

1.3 Adrminiptrative e

HIHE . |
i :
f!h. 1!
T 2y
i 1 il
[Ih{f il :
L 1
jull iy ' |
3 g it ! i
T A

© 1986 SCIENTIFIC AMERICAN, INC




happy Yankee, a few more as personal
as the delightful account of the au-
thor’s undergraduate effort to become
an electronics adept. That one-term
struggle included covert correspon-
dence-school approval of the design of
his project and plenty of hard work
and lost sleep. It ended on the appoint-
ed day of demonstration in the little
disaster of “a single blinding flash of
light. ... There are abstractionists and
there are tinkerers, and I was not un-
happy to have discovered my lot.”

Not all the essays are lighthearted.
The creativity of young scientists is
described as “an unwanted glimpse
of my mortality,” coming unreason-
ably early in a physicist’s career; “pri-
vate discoveries...are not as frequent
now.” Topics include what we know of
snowflakes today, E. T. calling Har-
vard, a smile described in elaborate
psychophysical detail, as it were pho-
ton by photon and cell by cell, a
glimpse of Walden Pond and a grimly
modest proposal for a demonstrative
nuclear war. They form a collection
any youthful reader about science in
general should enjoy.

Anthropology
HE PUEBLO, by Charlotte and Da-

vid Yue. Houghton Mifflin Com-
pany ($12.95). In a little more than 100

pages of clear prose, sympathetic but
not sentimental, the text and drawings
of this brief book describe the Pueblo
people of today and yesterday as well
as many a more ambitious volume has.
A section of a mesa, labeled to show
the aquifer, evokes the land and the
needs of the people. There are a good
simple map of the region and a wealth
of visual images: the tree rings that
date the history of the Southwest, ears
of corn, the foundation of Pueblo life;
a generalized sketch map of a mesa-
top village amidst its orchards and
fields; houses of masonry and adobe,
and how such houses are built; lad-
ders, ceremonial kivas and dancers,
and even a little pile of piki, the paper-
thin rolls made from finely ground
cornmeal that anticipated breakfast
cornflakes.

Emphasis is placed on the material
culture of the people, and yet their
complex social and inward lives are
not neglected. The kachina is here; the
sacred cavity in the kiva is described
and sketched. Like the Pueblo culture
they present, these authors hold that a
balance between spiritual and practi-
cal purposes is important. The kivas
underground are cool in summer and
easier to heat by winter; they are also
imitations of the world below, where
life began. The final drawing shows
a pickup truck parked by the new ado-

be house; most Pueblos live now in
the world, closer to fields and springs,
but they return to the old, defensible
village for spiritual community and
the sense of traditional values. “A
Hopi bridegroom still receives his gift
of corn meal on a handmade basket
tray.” There is a good bibliography
that leads to detailed information. Ac-
cessible to readers in the middle
grades, the book would serve many an
adult reader as a serious introduction
to one of the most enduring human
creations on American soil.

HE ENCHANTED CARIBOU, by Eliza-

beth Cleaver. Atheneum ($9.95).
The Inuit hunters by summer pursue
the caribou that roam the tundra. The
people live in summer tents of caribou
hide and dress in the skins of caribou.
They know magical songs and dances
that ensure success, and they perform
them at need. They never take the rare
white caribou; instead they “treat it
kindly and do not kill it, for it might be
enchanted.”

This little tale of the Inuit recounts
the events that led to the enchantment.
It is a story of love and magic, here re-
told simply, poetically and rather per-
sonally by a Montreal artist who has
written and illustrated a number of po-
ems and tales the world around. It
came to her that this story, which is
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based on visions, dreams and the magi-
cal transformation of a young woman
into an animal, might be well suited to
the shadow-puppet theater, whose
technique she had once taught to Inuit
children at Baker Lake.

In this book each page of simple text
is faced by one of picture. The scene
was made from a cutout in black
paper, strongly lighted from behind
and photographed in black and white
through a translucent screen. A page
of helpful instructions and a couple
of patterns for the figures are given at
the end to help any readers who care
to make a shadow-theater version of
the story for themselves; such a ver-
sion can of course move, as no book
can. This is a book young people can
both read and work from. We sorely
miss any statement of where Eliza-
beth Cleaver found this story of the
enchanted caribou.

HE WEAVING OF A DREAM: A CHI-

NESE FOLKTALE, retold and illus-
trated by Marilee Heyer. Viking Kes-
trel ($12.95). Eighteen or 20 large, col-
orful painted pages, more crowded
than any remembered dream, give this
thin volume its unquestioned distinc-
tion. They display fantasy mixed with
a thoroughly Western representation
of the landscapes and costumes of old
China; a bat grimaces, big against the

moon; below the two in the mist stand
the strange limestone pinnacles along
the River Li. The images are all rather
cinematic; the drama is told in a story-
teller’s manner, full of ordeal and be-
trayal, on the facing pages of text.
Carp, serpents, lizards, butterflies, all
foreground-large, compete for atten-
tion with the brocades woven by the
poor widow whose talent was so great
that the fairies wanted only to copy
them. There is a happy ending for all
save the worst of the people in the tale.

Mathematics and Perception

uzzLes OLD & New: How ToO

MAKE AND SOLVE THEM, created
by Jerry Slocum and Jack Botermans;
text by Carla van Splunteren and Tony
Burrett. University of Washington
Press ($19.95). Martin Gardner him-
self happily reports that this book pre-
sents, “for the first time in history,...a
comprehensive survey” of mechanical
puzzles. The term is used for those
puzzles made of solid parts that must
be manipulated to arrive at a solution.
Even a count of the objects displayed
here is difficult, but there must be be-
tween 400 and 500 distinct puzzles.
This volume arises out of the annual
international puzzle parties that are
held around the prodigious collection
of Jerry Slocum of Los Angeles, and it

enhances a traveling exhibition origi-
nated by the Craftand Folk Art Muse-
um of Los Angeles.

The authors have an organizing tax-
onomy. They distinguish 10 classes of
these puzzles: take apart, put together,
interlocking, disentangling, sequential
move, vanishing image, object impos-
sible to make, folding, enigmatic ves-
sel and puzzles demanding manual
dexterity. One essential page shows
an array of 100 or so realizations of
Rubik’s (or Larry Nichols) Cube, a
world teaser a few years back. Another
set of pages cracks open a hard chest-
nut of enduring influence, the Chinese
Rings. That wiry disentanglement re-
quires movement sequences—which
are mapped out here—that recall the
equally classical Tower of Hanoi. No
taxonomy rests easy.

The variety of puzzles represented
can be described only as awesome. In
contrast to that notorious cube, anoth-
er spread shows four or five dissec-
tions of plane figures. An outline letter
T, for instance, is divided by two paral-
lel cuts into four parts. Of unsurpassed
simplicity, this cheap T puzzle is a kind
of logical converse of the common-
place jigsaw. Its origin goes back to the
turn of the century; it has periodically
become popular. In Chicago it was cir-
culated (to advertise sausage) as the
Tormentor, the handbill proclaiming
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with many revisions, as easily as it knocks out a memo?




that it was “a real test” to fit the parts
back into a perfect T. The earliest ver-
sion on record was a five-part ivory
cross, made in China, widely known
150 years ago.

Most puzzles evolve. The interlock-
ing wood puzzles of Edo Japan surely
first reflected the skill of carpenters
who fitted wood pieces without nails.
Those puzzles are made today in ar-
chitectural and animal forms of all
kinds, as well as in the shape of cars,
ships and planes. Puzzles like those but
more abstract, interlocking notched
rods assembled into “burrs” that show
high external symmetry, have been
made for a long time in the West; there
are said to be some that consist of hun-
dreds of pieces.

A unique specimen is a bolt and nut
a foot high, a 1972 puzzle patent. The
nut can be unscrewed from the bolt
threads, a series of spaced annular
grooves, only by a specific sequence of
turns; the puzzle is a rotary maze! It is
foolhardy to summarize more of this
cornucopia of bizarre ingenuity. The
book will transfix some readers at al-
most any age; others, chilled, will put it
down at once. One wonders, though,
whether any library that serves a pop-
ulation of teen-agers can afford to be
without a copy. Is its topic mathemat-
ics, perception, artisanry, recreation or
a benign voluntary insanity?

PTICAL ILLUSIONS, by Laurence B.

White, Jr., and Ray Broekel.
Franklin Watts ($9.40). Adroitly sim-
plified without condescension in lan-
guage and scope, this book by two ex-
perienced authors who have written on
magic for young people quietly opens
a gate to scientific inference. The ex-
amples include tried-and-true length
misjudgments (given a new look), the
blind spot, colored afterimages, a flip
book and similar classics. The reader
is urged to look in a mirror at three
bold-letter texts here, with the book
held upside down. The texts are artful-
ly constructed. The last one says KID—
/DO HIDE/BOX & BIKE (the ampersand
is here drawn to be symmetrical up
and down).

The light touch and fresh pedagogy
make the book an unusually attractive
stroll along a familiar path. At one
point the text argues from what we
have learned in favor of the value of
such measuring tools as rulers; the
next step, that inferences from instru-
ments can fail as well, is not made ex-
plicit. Such epistemological optimism
is justified for young readers.

The visiting card of magician Or-
ville Meyer presents a dazzling ex-
ample of distorted perspective, that
“long, skinny writing” legible only at
near-grazing incidence. The four-col-
or process is effectively displayed by

reproducing the intermediate steps in
printing a watercolor rainbow, A final
chapter puts some of these notions to
use in the simple theater of chil-
dren’s magic. This is a first-rate start
for fourth-grade readers and up.

HAPES, SHAPES, SHAPES, by Tana
Hoban. Greenwillow Books
($11.75). Once more we look through
Tana Hoban’s discerning lens, in an-
other book she has made out of two
dozen handsome photographs without
words (an initial list of shapes is of-
fered). This time she is on the lookout
for simple geometric forms, for cir-
cles, triangles, stars, ovals, arcs.... She
picks them up everywhere, uniting the
world. The child who has playfully set
some half-dozen bright plastic bar-
rettes into her hair joins with the tour-
ist boat that glides along the Seine, car-
rying high its own gleaming array of
white life-preserver rings. The exposed
wall of a house that has somehow lost
its neighbor bears marks of all the van-
ished floors, walls and stairs, the ge-
ometry of the architectural elevation
become full size. Pylons and ladders
and cookies and hopscotch are only a
little of what is here, giving pleasure
as so often before, attractive for pre-
readers (and post-) and yet a serious
first lesson in the subtle affinity be-
tween the real and the abstract.

Sure it’s not impossible, but it could be alot easier.
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Yes, Lotus Manuscript™ is a very
different kind of word processor.
Because when you're processing long,
technical documents such as proposals,
specifications and reports, you have
very different kinds of needs.

Needs like mixing text and graphics
on the same page. Or, creating com-
plex equations. Or, working with
columns and tables. Or, making
wholesale revisions.

Very often technical documents
require the mixing of text and graphics
on the same page. Graphics from
Lotus® 1-2-3;" Symphony® and
Freelance® Plus. With Manuscript you
can import diagrams, and scanned
images, as well as spreadsheets
and charts.

Another feature designed specifi-
cally for the writer of technical docu-
ments is Manuscript’s integrated
Outliner. When you collapse the docu-
ment you're able to navigate the out-
line much easier than wading through

Manuscript R
allows youto ™ ER
mix text and N

the entire piece. You can move a page,
or even an entire chapter with just a
few keystrokes.

Also, because Manuscript is struc-
tured, you can globally format an
entire docurnent or format by individ-
ual sections. Imagine changing all
headlines from 14 point plain text
to 16 point bold, all with just one
command.

How about the age-old
dilemma of proof reading
revisions? Manuscript’s
Document Compare feature

graphics on the highlights changes between
same page. revisions. You might call it
S fool—proofreadmg.

wayyour Also, Manuscript automat-

scissorsand glue,
cut and paste are
a thing of the past.

ically sizes and generates
math equations as well as
upper and lower case Greek
symbols, diacritical marks
and brackets. No longer do

you need to literally cut and paste to
create complex equations.

With our powerful Print Formatter
you can control the look of your docu-
ment with the creation and editing of
tables. You can choose fonts and point
sizes from a built-in typeface list. You
can even save format information as a
template for regular use.

As for the quality of output, Manu-
script takes full advantage of today’s
printing technology, from dot-matrix
to laser, including PostScript® printers.

With our Document Preview feature you
can see exactly how any page will look
before it’s printed.

Manuscript is designed to work on
most IBM PCs and compatibles. Its
familiar 1-2-3 interface makes it easy to
use. And our Manuscript evaluation kit
makes it easy to try. For $10.00, you'll
get a presentation disk, working soft-
ware, and a tutorial manual. To get
your evaluation kit, call 1-800-345-
1043, ask for lot #BD-1450. Or, for
more information, see your authorized
Lotus dealer, or write Lotus Develop-
ment Corp., 55 Cambridge Parkway,
Cambridge, MA 02142.
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Corporate Medicine for Profit

For-profit chains of hospitals emerged from a long tradition

of commercialism in the US. health-care system. They have

thrived on the system’s excesses and highlighted its inequities

new era in American health care
can be said to date from 1968.
In that year Thomas F. Frist
and Jack C. Massey—the former a
Nashville doctor and the latter the
man who had made Kentucky Fried
Chicken into a national chain—formed
the Hospital Corporation of America
(HcA) to provide Frist’s private hospi-
tal, Park View, with capital for expan-
sion. HCA soon began acquiring addi-
tional hospitals, and it is now the coun-
try’s largest investor-owned hospital
chain. At the time of its formation few
of the nation’s non-Federal, acute-care
hospitals belonged to a profit-making
chain. By 1983 for-profit chains con-
trolled 13 percent of those hospitals.

The transformation brought about
by the for-profit chains is more exten-
sive than the percentage suggests. By
force of example and direct competi-
tion the for-profit chains have driven
many nonprofit hospitals also to com-
bine into chains. Today about a third
of the country’s acute-care hospitals
belong to multi-unit systems. Investor-
owned corporations have also estab-
lished themselves in many other areas
of health care, ranging from primary-
care clinics to specialized referral cen-
ters. It is in the guise of for-profit
chains, however, that the corporate
presence in health care provokes the
most debate.

The juxtaposition of the commercial
ethos familiar in fast-food chains with
hospital care challenges traditional
images of medicine as the embodiment
of humane service and even charity.
The investor-owned chains have elicit-
ed a number of specific criticisms as
well, voiced most powerfully by fig-
ures in academic medicine such as Ar-
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nold S. Relman, professor of medi-
cine at the Harvard Medical School
and editor of the New England Journal
of Medicine. He and others believe
commercial considerations could un-
dermine the responsibility of doctors
toward their patients, conceivably
leading to unnecessary tests and proce-
dures or—given other financial incen-
tives—to inadequate treatment. Critics
of for-profit chains also suspect they
drive up the cost of health care, reduce
its quality, neglect teaching and re-
search and reject those who cannot
pay for treatment. As the Federal
Government and private insurance
companies attempt to limit spending
on health care, cutting into hospital
profits and forcing hospitals to reduce
their own costs, many of those con-
cerns have intensified.

Research that addresses criticisms
of the for-profit chains is beginning
to accumulate, notably in the form of
a comprehensive study recently com-
pleted by the Institute of Medicine of
the National Academy of Sciences.
Considered together with the insti-
tutional and economic context from
which the chains emerged, the evi-
dence makes it possible to assess their
role. Some of the charges that have
been leveled at them miss the mark but
others are confirmed. The failings of
the for-profit hospitals are not theirs
alone, however. Those hospitals are
only the purest expression of a com-
mercialism that has come to pervade
American medicine. They have un-
abashedly exploited a system that is
devoted to the best possible care at any
price for most of society but is effec-
tively blind to the needs of the rest. In
doing so they have served as a sensitive
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diagnostic of the system’s inequities
and excesses.

Only the scale of the commercial-
ism embodied in the for-profit
hospital chains is new to American
medicine. Although most hospitals
have traditionally been ‘“voluntary,”
that is, run on a nonprofit basis by
local community associations or re-
ligious orders, a substantial number
have been run for profit by propri-
etors, usually doctors. In 1928, 38.9
percent of the 4,367 nongovernment
general hospitals were proprietary—a
much higher percentage than today, in
spite of the rise of for-profit chains.

Because they tended to be quite
small, however, these early propri-
etary hospitals had only about 16 per-
cent of nongovernment hospital beds.
Doctors often founded them because
there was no voluntary hospital near-
by or because they could not gain ad-
mitting privileges at larger, more pres-
tigious hospitals. The quality of care in
such private hospitals was generally
poor; patients in some regions called
them “buckets of blood.”

By 1934 the American Medical As-
sociation’s annual survey of hospitals
included a new category, ‘“corpora-
tions unrestricted as to profit,” in rec-
ognition of a class of hospitals owned
by stockholders rather than by individ-
uals or partners. The category encom-
passed 32.4 percent of the proprietary
hospitals in that year and, because the
corporate hospitals tended to be larger
than other proprietary hospitals, 52.3
percent of the proprietary beds. Over
the next three decades some of the ear-
ly corporate and other proprietary
hospitals went bankrupt, some were



converted into community hospitals
and the rest continued to operate on
the fringes of the health-care system.

The roots of today’s commercialism
reach deep even in the main tradition
of American medicine. Between 1870
and 1910 advances in major surgery
and in the control of infection led to
the construction of thousands of new
hospitals. Earlier hospitals had served
largely as a refuge for the indigent and
the dying. The new hospitals attracted
paying patients and introduced prin-
ciples of business management into
their operations. Even charity hospi-
tals, which traditionally did not charge
for care and depended largely on phi-
lanthropy, sought paying patients as
the depression of the 1890’s reduced
donations at the same time as high in-
flation increased costs.

David K. Rosner, a noted medical
historian at Baruch College of the City
University of New York, has found
that the trustees of the charity hospi-
tals began to woo doctors who had pri-
vate practices in an effort to attract
their well-to-do patients. Such individ-
uals had previously shunned hospitals
in favor of home treatment. At the
same time the charity hospitals re-
furbished their rooms and advertised
their amenities: brass bedsteads, open
fireplaces, serving rooms, private-duty
nurses and a good chef. In 1899 the
New York Times quoted a young wom-
an as saying: “One is not quite in the
swim nowadays if one has not had
an operation performed. ... A hospital
has nothing but pleasant associations
for me, and you will never find me out
of one again when I am ill.” The influx
of paying patients not only kept the
charity hospitals solvent but also en-
abled them to continue caring for the
poor. Before the turn of the century,
as a result, the practice of supporting
charity care through higher charges to
paying patients was established.

In the process, however, the trustees
of the charity hospitals ceded a meas-
ure of control to private physicians,
who altered the hospitals’ traditional
mission. Many of the doctors, accord-
ing to Rosner, were more concerned
with making the hospital an up-to-date

“MEDICAL CAMPUS” in Delray Beach,
Fla., offers health care with a corporate
face. The complex, owned by National
Medical Enterprises, Inc., a for-profit hos-
pital system, combines a general hospital
with facilities for psychiatric care, drug-
abuse and alcoholism treatment, rehabil-
itation and convalescence on 40 acres of
land. Having prospered as chains of gener-
al hospitals, many for-profit systems are
now ‘“vertically integrating” their business
and offering a range of medical services.
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physicians’ workshop in which to treat
their paying patients than they were
with providing charity. Rosner con-
cludes that such hospitals were trans-
formed from neighborhood institu-
tions dedicated to treating everyone
into large enterprises offering special-
ized, up-to-the-minute care and ad-
vertising their amenities to a citywide
market of affluent patients.

hus a tradition of running hospitals

like businesses evolved early, and
the incentives for commercial behav-
ior have only grown since then. As in-
surance developed first for hospital
bills and later for doctors’ bills, the
hospital industry and the medical pro-
fession insisted on reimbursement for
the “usual and customary” charges,
charges the doctors and hospitals
themselves were to have a major say
in determining. Whereas European

MAP OF U.S. HOSPITALS compares the number of short-term
hospitals in investor-owned systems (red) with the number be-
longing to nonprofit chains (blue) and the total number of short-
term hospitals (green) in each of nine regions. The proportion of
hospitals included in for-profit chains is largest in the South and
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countries legislated fee schedules or
established fixed national budgets for
health, in the U.S. the growing amount
of private insurance and the open-end-
ed reimbursements created a golden
era, starting after World War II, dur-
ing which hospital budgets and physi-
cians’ incomes increased sharply.
Soon public funds supplemented the
abundance of private-insurance mon-
ey available for health care. In 1965
Congress established Medicare and
Medicaid to pay some of the health-
care costs of the elderly and the “de-
serving” poor respectively. By giving
the elderly and some of the poor much
more purchasing power than before,
the programs significantly increased
the number of paying patients. The
legislation establishing the programs
also included special provisions en-
couraging proprietary hospitals to ex-
pand. It allowed for-profit hospitals
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to depreciate their capital investment
and specified that Medicare and Med-
icaid payments should not only cover
the cost of treatment but also reim-
burse proprietary hospitals for interest
on debt and give them a generous re-
turn on equity.

By the mid-1960’s, then, physicians,
hospitals, private insurers and the
Government had devised a system of
health-care financing that was ripe for
big business. The form it took—the in-
vestor-owned hospital chain—reflects
a further condition: the chronic need
of hospitals for capital to expand, ren-
ovate or equip their facilities. Multi-
hospital corporations, unlike private-
ly owned independent hospitals, can
raise capital by issuing stock. More-
over, their ability to use packages of
hospitals within the chain as collateral
enhances their ability to borrow mon-
ey. Multihospital systems have consid-

West, where the population is growing and there are fewer regula-
tions and competing hospitals. For-profit chains account for a rel-
atively small fraction of all hospitals, but they have displayed in-
novative commercial behavior and stirred controversy. The map is
based on 1984 figures from the American Hospital Association.



erably better credit ratings than inde-
pendent hospitals and can borrow at
lower interest rates.

During their first years the inves-
tor-owned chains grew mainly
by buying other for-profit hospitals; in
the 1970’s more than 80 percent of the
chains’ growth took this form. At first
many of the acquisitions were inde-
pendent proprietary hospitals, but in-
creasingly the dominant chains bought
hospitals from other chains. In the
1980’s public hospitals and private
voluntary hospitals also began to be
numbered among the acquisitions.
The managers or trustees of many
such hospitals, unable to raise enough
capital to renovate aging facilities,
have actively sought to be acquired.
The chains have also built new hos-
pitals; new construction accounted
for 20 percent of their growth in the
1970’s but only 4 percent from 1980
through 1984.

The chains have staged most of their
growth in areas where the market is
attractive: states with increasing pop-
ulation, rising per capita income, few
regulations and liberal insurance cov-
erage. They have also sought out re-
gions where there is limited competi-
tion from other kinds of hospitals. The
chains have found those conditions
most often in the South, the Southwest
and the West.

Each year from 1977 through 1984
the number of hospitals affiliated with
investor-owned chains increased by an
average of about 11 percent, and by
1985 the 53 investor-owned chains
owned or leased more than 680 hospi-
tals with a total of more than 100,000
beds. HCA, born of the collaboration
between Frist and Massey, accounted
for half of those beds. Many corpora-
tions had also undertaken to employ
their financing, management and mar-
keting skills in operating hospitals they
did not own: a total of 380 institutions
with more than 48,000 beds.

In the past two years the phenome-
nal expansion of the hospital chains
has slowed and their profits have
declined. About half of the beds
owned by the for-profit chains are now
empty in part because of the cost-
cutting measures recently adopted by
Medicare, Medicaid and private insur-
ers. Hospitals are now, for example,
paid a preset fee for many kinds of
treatment, an arrangement that en-
courages them to discharge patients
quickly. The oversupply of beds also
reflects the overbuilding and refur-
bishing encouraged by various provi-
sions of Medicare and Medicaid in the
previous era of generous reimburse-
ments. The chains are now scrambling
to sell off unprofitable hospitals.
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ATTRACTING PAYING PATIENTS began to concern large nonprofit hospitals in the
early years of this century; the frontispiece from a 1919 issue of a journal for hospital
administrators reflects the new attitude. In the 1800’s such hospitals had generally pro-
vided charity care and offered few amenities. By the turn of the century advances in
surgery and in the control of infection drew patients able to pay for treatment; at the

" same time changing economic conditions led hospitals to depend on fees from the paying

patients. The drawing is reproduced by courtesy of the New York Academy of Medicine.

They are also trying to circumvent
cost-containment measures, which so
far have focused mostly on hospital
payments, by diversifying into other
areas of health care. Psychiatric hospi-
tals have been a favored area; insurers
have not yet placed limits on their re-
imbursement for psychiatric care. The
demand for beds in private psychiatric
hospitals, moreover, is expected to rise
as government-run hospitals cut back
their services or close and as the stig-
ma of psychiatric care diminishes.
Nursing homes, which have tradition-
ally been run for profit by private
owners, have proved attractive to the
hospital corporations as well. The cor-
porations have also established them-
selves in many other kinds of health-
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care service: surgicenters (for ambula-
tory surgery), renal-dialysis programs,
primary-care clinics, alcoholism and
drug-abuse centers, hospices, industri-
al medical centers (for sick or injured
workers), health-promotion programs,
ppO’s (preferred-provider organiza-
tions, which organize networks of phy-
sicians willing to provide discount
care) and HMO’s (health-maintenance
organizations, which give comprehen-
sive care as it is needed in return for a
regular prepaid fee).

The hospital corporations have ex-
panded into other services not only in
an attempt to outflank cost contain-
ment but also to enable them to sell
comprehensive packages of services to
cost-conscious buyers. When the hos-
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pital, pharmacy, rehabilitation center,
hospice and nursing home are under
the same management, the care of pa-
tients who require treatment in a va-
riety of settings can be coordinat-
ed more easily and, in theory, more ef-
ficiently. The same coordination, of
course, could serve in exploiting the
patient or the insurer in order to max-
imize profits. Some chains are inte-
grating their services even further:
they are buying or joining forces with
insurance companies, enabling them
both to sell insurance policies and to
care for the policyholders.

he end of the era of dramatic ex-

pansion for the profit-making
chains offers an opportunity to judge
their impact on the health-care system.
Their profoundest effect has been an
indirect one: the for-profit chains have
led the way to the commercialization
of the entire system. Driven by many
of the identical considerations that
spurred the growth of for-profit
chains, in particular a need for capital,
clusters of nonprofit hospitals have
banded together to form nonprofit
chains. Until recently the nonprofit
chains outstripped the phenomenal
growth of their for-profit counter-
parts: there are now at least four times
as many nonprofit chains, with twice
as many beds. Of the 10 largest hospi-
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PERCENT

o

tal chains in number of beds, the top
four are for-profit systems. They are
followed by the Adventist Health Sys-
tem, a religious nonprofit chain. The
remaining five include two nonprofit
religious systems, a for-profit chain,
the New York City Health and Hospi-
tal Corporation (a public urban con-
glomerate) and Kaiser Foundation
Hospitals, Inc. (a nonprofit HMo that
owns a large system of hospitals, most-
ly in California).

Nonprofit systems resemble the for-
profit corporations in many respects.
They start or acquire PPO’s, HMO’s, al-
cohol- and drug-rehabilitation centers
and the like. They manage other hos-
pitals, invest in real estate and buy
supplies at a discount. And they have
been making money. Between 1983
and 1984, for example, the surpluses
of the secular nonprofit chains in-
creased faster than the profits of the
investor-owned chains.

Fundamental differences remain, of
course. Instead of paying dividends
to stockholders, the nonprofit chains
plow their surpluses into new or im-
proved facilities, capital reserves or
charity care. Many of the religious
chains have one or two money-losing
inner-city hospitals that are support-
ed by more prosperous hospitals. Fur-
thermore, most nonprofit chains are
not intent on growing indefinitely. In

1910 1924 1934

1944

1974

1954 1964

FOR-PROFIT HOSPITALS made up a large percentage of nongovernment hospitals
(gray) and all hospitals (black) in the early years of this century. (The broken part of
each curve represents a period for which data are scarce.) Because such proprietary hos-
pitals were generally small, they controlled a relatively small proportion of total beds in
nongovernment hospitals (/ight color) and in all hospitals (dark color). Most early propri-
etary hospitals were freestanding institutions owned by one or several doctors, and many
offered substandard care. The recent increase in the number of for-profit hospitals after
decades of decline reflects a new development: the emergence of chains of proprietary
hospitals, owned by investors. Those hospitals are often of better quality than the older
proprietary hospitals, many of which were bought and refurbished by the growing chains.
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1984

most cases they exist primarily to
serve their member hospitals rather
than to establish a comprehensive
system for the country or a large re-
gion. As a result the growth of the non-
profit chains has slowed down consid-
erably. Meanwhile the big investor-
owned corporations, even though they
are not adding hospitals as fast as they
once were, continue to expand into
other areas of health care.

In another sense the distinction be-
tween the two kinds of hospitals is dis-
solving. A corporate ethos originating
among the investor-owned chains has
spread throughout the health-care sys-
tem. In the past hospital administra-
tors usually did not even know the true
costs of the operating room or the in-
tensive-care unit. Now the for-profit
chains have set an example for all
hospitals by introducing sophisticated
management techniques and informa-
tion systems for controlling the flow of
supplies, personnel, patients and dol-
lars. They have adopted aggressive
marketing techniques meant to attract
well-to-do patients, such as business
executives, and patients for whom in-
surance compensation is generous,
such as psychiatric cases and those
covered by workmen’s-compensation
policies. Increasingly, other hospitals
are following suit.

Amenities such as streamlined bill-
ing and convenient hours have also
figured in the chains’ marketing strat-
egy, as has an effort to create an im-
age of efficiency and polish. Humana,
Inc., for example, is known for speci-
fying the number of seconds allowed
for a meal to travel from the kitchen to
the bedside and for a nurse to arrive
after a patient presses the call button.
Now that almost a third of the hospital
beds in the U.S. are empty because of
overbuilding and efforts by insurers
and the Government to cut costs, all
hospitals are learning these lessons in
commercialism.

he for-profit chains contend that

their hospitals are run more effi-
ciently than nonprofit hospitals and
offer better value for the health dollar.
Most of the 13 studies that have eval-
uated the claim so far do not support
it. In the most prominent study J. Mi-
chael Watt, Robert A. Derzon and
James S. Hahn of Lewin and Asso-
ciates, Inc., a consulting firm, and in-
vestigators from Johns Hopkins Uni-
versity matched 80 investor-owned
hospitals with nonprofit hospitals hav-
ing a comparable location, scale of op-
eration and mixture of services and
cases. In 1978 and 1980, the years for
which the workers compiled figures,
the investor-owned hospitals incurred
higher costs per patient per day in ev-



ery category examined but one: the
cost of operating their facility. The dif-
ferential was largest, ironically, in ad-
ministrative overhead, for which the
for-profit hospitals spent an average
of 57 percent more than their nonprof-
it counterparts. Of that difference, 83
percent reflected spending on the cor-
porate headquarters of the chains.

At the same time, the for-profit hos-
pitals studied also charged significant-
ly more than the nonprofit hospitals
did: an average of 22 percent more per
admission. Routine bed charges did
not differ much between the two types
of hospitals; the disparity results from
much higher charges by the investor-
owned hospitals for ancillary services
such as tests and drugs. After taking
into account the taxes to which for-
profit hospitals are subject and the
gifts and subsidies nonprofit hospitals
receive, the investigators found that
the net revenues of the investor-owned
hospitals were 10 percent higher per
bed per day—enough to make such
hospitals more profitable than the
nonprofit ones, in spite of higher costs.

Traditionally, of course, the system
of health-care financing in the U.S. has
not encouraged efficiency, because it
has compensated hospitals on the basis
of their costs or their billed charges.
Indeed, the system effectively discour-
aged efficiency: lower costs or charg-
es led to lower reimbursements and
made it difficult to justify subsequent
increases. The efficient hospital in ef-
fect tightened its own financial noose.
Now that cost-containment measures
are putting an end to open-ended reim-
bursement, the for-profit corporations
will need to achieve the operating ef-
ficiencies that sophisticated manage-
ment should make possible.

Given the lack of incentives to cut
costs, it is easy to see why the repeated
charges that the chains skimp on qual-
ity have not been confirmed in half
a dozen research studies that have
looked into the question. The for-prof-
it hospitals in the Watt study, for
example, employed 13 percent fewer
staff per adjusted patient-day than the
nonprofit hospitals but paid them an
average of 10 percent more in salary
and benefits. Conceivably the higher
pay attracts staff whose better quali-
ty offsets their proportionately smaller
number. Other studies have examined
such measures of quality as death rates
and courses of illness, malpractice li-
ability, hospital accreditation and the
proportion of board-certified special-
ists on the staff at investor-owned and
nonprofit hospitals. Small differences
emerged in individual measures, but
overall the two kinds of hospitals were
found to be comparable.

Because quality is an elusive attri-
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bute, meaning different things to dif-
ferent people, not all concerns have
been dispelled. Do the for-profit
chains cut corners, for example, when
their hospital is the only one in town or
in the county? There is no evidence
that they do, but speculation contin-
ues. Another concern focuses on the
bonuses an enterprising hospital might
offer its staff physicians as an incen-
tive for keeping costs down or increas-
ing revenues. No decline in the quality
of care has yet been attributed to such
an arrangement, but the Institute of
Medicine has declared that such bonus
plans threaten doctors’ obligation to
act in their patients’ best interests.

The many instances in which a for-
profit chain has bought a small, finan-
cially troubled hospital provide an-
other perspective on quality. In some
cases the corporation has kept the hos-
pital from going out of business, and in
many more cases it has spent heavily
on renovating and upgrading the facil-
ity. The generous provisions of Medi-
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SOURCES OF NEW HOSPITALS add-
ed to investor-owned chains have varied
with time. The bars combine statistics for
six large for-profit chains: Hospital Corpo-
ration of America; Humana, Inc.; Ameri-
can Medical International, Inc.; National
Medical Enterprises, Inc.; Charter Medi-
cal Corporation, and Republic Health Cor-
poration. The chains at first grew almost
entirely by buying or, in a few cases, leas-
ing hospitals (color), mostly independent
proprietary hospitals. More recently they
have also acquired hospitals from other
chains, as well as an increasing number of
nonprofit and government hospitals. The
chains have also grown by building new
hospitals (gray). Since 1984 an oversupply
of hospital beds has developed and all
growth has slowed. The graph is based on
work done by Elizabeth W. Hoy and Brad-
ford H. Gray of the Institute of Medicine.

care and Medicaid regarding interest
on debt, return on equity and deprecia-
tion have allowed much of the cost to
be transferred to the taxpaying public.
The open-ended reimbursement sys-
tem has covered other costs and en-
abled the corporation to hire a capable
staff and improve the hospital man-
agement. A study by Stephen M. Shor-
tell of Northwestern University has
shown that the corporation often gives
doctors a more active role in running
the hospital than they had before.
Thus transformed, the hospital can at-
tract a better medical staff, and quality
probably improves.

Ithough any hospital exists main-
ly to treat patients, many hospi-

tals traditionally have accommodated
teaching and research as well. Some
critics believe hospital corporations
give low priority to most teaching and
research and may change the charac-
ter of what they do maintain. Until re-
cently concern about the chains’ atti-
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tudes toward teaching and research
was largely moot, since they initially
bought smaller, less distinguished hos-
pitals, most of which had few such
programs in the first place.

The chains do consider certain kinds
of teaching to be good for business. In
the hospitals they have taken over,
many corporations have established
or maintained training programs for
nurses, laboratory technicians, respi-
ratory therapists and other skilled per-
sonnel. Hospitals with good educa-
tional programs offer opportunities
for advancement and hence attract
higher-caliber personnel, and a better
staff attracts more profitable patients.

It is also clear that the training of
physicians is not by definition incom-
patible with corporate goals. HcA, for
example, now owns or manages 34
hospitals with residency programs; 64
of HcA’s hospitals have medical-school
affiliations. After extensively publi-
cized negotiations several large teach-
ing hospitals recently became allied
with other investor-owned chains. In
such arrangements the university is
often motivated by a lack of capital
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needed for renovating an aging facility
and by the hope that the management
and marketing skills of the corpora-
tion will render the hospital financially
sound. The corporation, for its part,
gains prestige, visibility and a sophisti-
cated referral center for its other hos-
pitals. Most observers agree it is too
early to judge how corporate control
will affect the character and mission of
teaching hospitals.

Research as well as the training of
doctors is a major function of teaching
hospitals, and corporations that have
taken over university hospitals have so
far tended not to interfere with their
research programs. In some cases the
chain has provided generous finan-
cial support. On their own some of
the chains have taken advantage of
their extensive hospital systems for ap-
plied research. Hca, for instance, has
formed a subsidiary that coordinates
HcA hospitals for clinical trials of new
drugs, for which the company receives
grants from pharmaceutical houses.
Humana supports research on new
medical technologies and procedures
and trains physicians in their use at
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COSTS AND CHARGES in hospitals belonging to investor-owned chains (color) are
compared with those in nonprofit hospitals. The comparison is based on data for pairs of
hospitals, one hospital nonprofit and the other investor-owned, that were comparable in
their location, size, type of service and other characteristics. The average daily cost of
caring for a patient was higher in the investor-owned hospitals than it was in the nonprof-
it facilities, and the gap remained when the cost was divided into routine costs and ancil-
lary costs—costs for tests and drugs, for example. The disparity suggests that the inves-
tor-owned hospitals operated less efficiently. Those hospitals also charged more than the
nonprofit ones did, in particular for ancillary services, enabling the for-profit hospitals to
make money in spite of their lower efficiency. The comparison, done by J. Michael Watt,
Robert A. Derzon and James S. Hahn of Lewin and Associates, Inc., and a group from
Johns Hopkins University, is based on figures from 1978 and 1980; since then the Gov-
ernment and private insurance companies have introduced cost-containment measures
that place a premium on efficiency. A future study might well yield a different picture.
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certain of its hospitals, which it has
designated “Centers of Excellence.”

Even if its practical applications are
limited, highly visible research can
confer prestige and status, for which
profit-making corporations are as ea-
ger as any nonprofit teaching hospital
seeking star teams of investigators.
Prestige was certainly one motivation
for Humana’s support of William C.
DeVries and his research on artifi-
cial hearts at the Humana Heart Insti-
tute International in Louisville, where
DeVries found the financial backing
that had eluded him during his previ-
ous association with the University of
Utah. Such arrangements, beneficial
as they may be to individual workers,
do entail ethical complexities, many
observers believe. They raise the pos-
sibility of conflicts of interest when
clinical research is done at an insti-
tution that stands to profit directly
from the outcome.

Perhaps the sharpest criticisms of the
for-profit chains concern treatment
of the medically indigent—those who
lack medical insurance, are ineligible
for government assistance and cannot
pay hospital bills on their own. Most
studies have confirmed one conten-
tion: that for-profit hospital chains
have acquired and built hospitals in ar-
eas that have relatively few patients
who are uninsured or are covered by
Medicaid, which generally reimburses
hospitals and doctors at lower rates
than Medicare and private insurers.

The chains have also been accused
of devoting a smaller percentage of
their budgets to charity care and bad
debts than nonprofit hospitals do and
of eliminating services that are heavily
drawn on by indigent patients, such as
trauma and obstetrics. The evidence
bearing on these charges is somewhat
contradictory, and hypotheses and an-
ecdotes abound. An analysis done in
1981 by the Office for Civil Rights of
the U.S. Department of Health and
Human Services considered hospitals
in for-profit chains together with free-
standing proprietary hospitals and
found they admitted a slightly small-
er proportion of uninsured patients
than nonprofit hospitals. In 1983 the
American Hospital Association took
unpaid charges as a measure of char-
ity care and found no statistically
significant differences between for-
profit and nonprofit hospitals.

The Institute of Medicine, howev-
er, examined data on uncompensated
care in five states: California, Florida,
Tennessee, Texas and Virginia. Except
for California, those states have rela-
tively few public hospitals, and their
Medicaid eligibility requirements are
restrictive. Hence the burden of un-



compensated care falls particularly
heavily on voluntary and for-profit
hospitals. Under those circumstances
the two kinds of hospitals acquit them-
selves quite differently. In Florida,
Texas and Virginia hospitals in private
nonprofit chains spent almost twice as
much on charity care as hospitals
belonging to investor-owned chains.
In Tennessee the nonprofit hospitals
spent almost three times as much.

In none of the five states did private
hospitals of either kind provide as
much charity care as public hospitals,
and the same disparity is seen in every
other state. Nationwide, for-profit and
nonprofit hospitals together devote
only between 3 and 5 percent of their
revenues to uncompensated care. In
response to cost-cutting measures and
the burden of surplus hospital beds
both kinds of hospitals are attempt-
ing to reduce uncompensated care still
further. They limit the number of un-
insured patients who are admitted by
setting quotas, by eliminating or cut-
ting down on services that attract large
numbers of the uninsured and by re-
quiring payment in advance or doing
“wallet biopsies.” Such practices by
nonprofit hospitals have led some ob-
servers to call for an end to their tax-
exempt status.

For-profit hospitals have sometimes
compounded the problem by compet-
ing aggressively for paying patients,
thereby depriving voluntary hospitals
of the revenue needed to support un-
compensated care. In Florida during
the early 1980’s, competition with for-
profit hospitals put financial pressure
on voluntary hospitals, which reject-
ed increasing numbers of indigent pa-
tients. The burden of charity care fell
more heavily than ever on the public
hospitals, and because they operate on
a fixed budget the burden soon threw
them into financial crisis. The ensuing
political crisis led to an expansion of
the state’s Medicaid program financed
in part by an assessment on hospital
revenues.

Such institutional failure exacts an
appalling human cost. Private hospi-
tals increasingly turn away indigent
patients who arrive in their emergency
rooms, often without first ensuring
that a patient’s condition is stable. A
team of physicians at Cook County
Hospital, a public hospital in Chica-
go, recently tracked 467 patients who
were transferred there from the emer-
gency rooms of for-profit and volun-
tary hospitals (including many non-
profit teaching hospitals). Follow-up
data revealed that 24 percent of the
patients were transferred in an unsta-
ble condition and 22 percent had to be
admitted to an intensive-care unit on
arrival. Of the nonsurgical patients

who were transferred, 9.4 percent died
during their hospitalization.

he investor-owned chains, through
their own actions and the compe-
tition and commercialism they have
spawned, draw attention to the funda-
mental problem: the U.S. stands as the
only remaining industrialized nation,
except for South Africa, that does not
cover as a right of citizenship the med-
ical expenses of anyone who becomes
seriously ill. More than half of the
poor are not protected by Medicaid
because of restrictions on eligibility,
and many more people who are not
poor lack insurance because they have
been laid off from their jobs or work
in low-paying positions. All told, some
35 million Americans have no medical
insurance for part or all of each year.
Until a national solution is devised, a
large part of the U.S. population will
have nowhere to turn when faced with
catastrophic medical bills.
By highlighting other shortcomings

of the health-care system the for-profit
chains are speeding its transformation.
Historically the chains themselves will
be seen as transitional institutions.
They grew out of the generous reim-
bursement system sought by the medi-
cal profession, and they exploited the
system deftly, teaching lessons in capi-
tal formation, management and mar-
keting that are now expertly practiced
by many of their nonprofit counter-
parts. In the process the chains has-
tened the crisis in health costs and the
ensuing cost-containment measures.
Those measures in turn have led the
chains to transform themselves into in-
tegrated systems offering comprehen-
sive services and in many cases selling
insurance to pay for them. In their new
forms the for-profit systems will con-
tinue to grow, not only as an economic
force but also as a political one. In-
creasingly they will have the power
to shape the economic and regulatory
framework of U.S. health care as well
as to seek new opportunities within it.
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MEDICARE AND MEDICAID cover the medical costs of fewer than half of the poor.
The eligibility requirements shown here are those in effect in Florida; the income levels
applied to a family of four in 1984. Medicare (gray) pays medical costs for the aged, blind
and disabled regardless of income, and Medicaid (color) covers single-parent families and
pregnant women whose income (after certain deductions) falls at or below the income
standard for the Aid to Families with Dependent Children (AFDC) program. (Each state
sets its own standard, which is usually well below the poverty level.) Medicare recipients
are also eligible for Medicaid if their income drops below the standard for the Supple-
mental Security Income (ssi) program; Medicaid then reimburses costs for services not
covered by Medicare. Florida, like many other states, extends Medicaid coverage to chil-
dren and unemployed parents in intact families below the AFDC standard. It also has a
“spend down” provision, under which certain families can claim Medicaid benefits if med-
ical expenses reduce their income to the “medically needy” standard or below. Many of
the poor in Florida and in other states must nonetheless depend on charity care at public
and private hospitals. The chart is based on one prepared by Lewin and Associates, Inc.
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Chaos

There is order in chaos: randomness has an underlying geometric

form. Chaos imposes fundamental limits on prediction, but it also

suggests causal relationships where none were previously suspected

by James P. Crutchfield, J. Doyne Farmer, Norman H. Packard and Robert S. Shaw

he great power of science lies in

the ability to relate cause and ef-

fect. On the basis of the laws of
gravitation, for example, eclipses can
be predicted thousands of years in ad-
vance. There are other natural phe-
nomena that are not as predictable. Al-
though the movements of the atmos-
phere obey the laws of physics just as
much as the movements of the planets
do, weather forecasts are still stated in
terms of probabilities. The weather,
the flow of a mountain stream, the roll
of the dice all have unpredictable as-
pects. Since there is no clear relation
between cause and effect, such phe-
nomena are said to have random el-
ements. Yet until recently there was
little reason to doubt that precise
predictability could in principle be
achieved. It was assumed that it was
only necessary to gather and process a
sufficient amount of information.

Such a viewpoint has been altered
by a striking discovery: simple deter-
ministic systems with only a few ele-
ments can generate random behavior.
The randomness is fundamental; gath-
ering more information does not make
it go away. Randomness generated in
this way has come to be called chaos.

A seeming paradox is that chaos is
deterministic, generated by fixed rules
that do not themselves involve any ele-
ments of chance. In principle the fu-
ture is completely determined by the
past, but in practice small uncertain-
ties are amplified, so that even though
the behavior is predictable in the short
term, it is unpredictable in the long
term. There is order in chaos: underly-
ing chaotic behavior there are elegant
geometric forms that create random-
ness in the same way as a card dealer
shuffles a deck of cards or a blender
mixes cake batter.

The discovery of chaos has created a
new paradigm in scientific modeling.
On one hand, it implies new funda-
mental limits on the ability to make
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predictions. On the other hand, the
determinism inherent in chaos im-
plies that many random phenomena
are more predictable than had been
thought. Random-looking informa-
tion gathered in the past—and shelved
because it was assumed to be too com-
plicated—can now be explained in
terms of simple laws. Chaos allows or-
der to be found in such diverse systems
as the atmosphere, dripping faucets
and the heart. The result is a revolu-
tion that is affecting many different
branches of science.

hat are the origins of random be-
havior? Brownian motion pro-
vides a classic example of randomness.
A speck of dust observed through a
microscope is seen to move in a contin-
uous and erratic jiggle. This is owing to
the bombardment of the dust particle
by the surrounding water molecules
in thermal motion. Because the water
molecules are unseen and exist in great
number, the detailed motion of the
dust particle is thoroughly unpredict-
able. Here the web of causal influences
among the subunits can become so
tangled that the resulting pattern of
behavior becomes quite random.
The chaos to be discussed here re-
quires no large number of subunits

or unseen influences. The existence of
random behavior in very simple sys-
tems motivates a reexamination of the
sources of randomness even in large
systems such as weather.

What makes the motion of the at-
mosphere so much harder to antic-
ipate than the motion of the solar
system? Both are made up of many
parts, and both are governed by New-
ton’s second law, F = ma, which can
be viewed as a simple prescription for
predicting the future. If the forces F
acting on a given mass m are known,
then so is the acceleration a. It then
follows from the rules of calculus that
if the position and velocity of an object
can be measured at a given instant,
they are determined forever. This is
such a powerful idea that the 18th-cen-
tury French mathematician Pierre Si-
mon de Laplace once boasted that giv-
en the position and velocity of every
particle in the universe, he could pre-
dict the future for the rest of time. Al-
though there are several obvious prac-
tical difficulties to achieving Laplace’s
goal, for more than 100 years there
seemed to be no reason for his not be-
ing right, at least in principle. The liter-
al application of Laplace’s dictum to
human behavior led to the philosophi-
cal conclusion that human behavior

CHAOS results from the geometric operation of stretching. The effect is illustrated for a
painting of the French mathematician Henri Poincaré, the originator of dynamical sys-
tems theory. The initial image (top left) was digitized so that a computer could perform
the stretching operation. A simple mathematical transformation stretches the image diag-
onally as though it were painted on a sheet of rubber. Where the sheet leaves the box it is
cut and reinserted on the other side, as is shown in panel I. (The number above each
panel indicates how many times the transformation has been made.) Applying the trans-
formation repeatedly has the effect of scrambling the face (panels 2-4). The net effect is a
random combination of colors, producing a homogeneous field of green (panels 10 and
18). Sometimes it happens that some of the points come back near their initial locations,
causing a brief appearance of the original image (panels 47-48, 239-241). The transfor-
mation shown here is special in that the phenomenon of “Poincaré recurrence” (as it is
called in statistical mechanics) happens much more often than usual; in a typical chaotic
transformation recurrence is exceedingly rare, occurring perhaps only once in the lifetime
of the universe. In the presence of any amount of background fluctuations the time be-
tween recurrences is usually so long that all information about the original image is lost.
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was completely predetermined: free
will did not exist.

Twentieth-century science has seen
the downfall of Laplacian determin-
ism, for two very different reasons.
The first reason is quantum mechan-
ics. A central dogma of that theory
is the Heisenberg uncertainty princi-
ple, which states that there is a funda-
mental limitation to the accuracy with
which the position and velocity of a
particle can be measured. Such uncer-
tainty gives a good explanation for
some random phenomena, such as ra-
dioactive decay. A nucleus is so small

that the uncertainty principle puts a
fundamental limit on the knowledge
of its motion, and so it is impossible to
gather enough information to predict
when it will disintegrate.

The source of unpredictability on a
large scale must be sought elsewhere,
however. Some large-scale phenome-
na are predictable and others are not.
The distinction has nothing to do with
quantum mechanics. The trajectory of
a baseball, for example, is inherently
predictable; a fielder intuitively makes
use of the fact every time he or she
catches the ball. The trajectory of a

Laplace, 1776

“The present state of the system of nature is evidently a consequence
of what it was in the preceding moment, and if we conceive of an

intelligence which at a given instant comprehends all the relations of the
entities of this universe, it could state the respective positions, motions,
and general affects of all these entities at any time in the past or future.

“Physical astronomy, the branch of knowledge which does the greatest
honor to the human mind, gives us an idea, albeit imperfect, of what such
an intelligence would be. The simplicity of the law by which the celestial
bodies move, and the relations of their masses and distances, permit
analysis to follow their motions up to a certain point; and in order to
determine the state of the system of these great bodies in past or future
centuries, it suffices for the mathematician that their position and their
velocity be given by observation for any moment in time. Man owes that
advantage to the power of the instrument he employs, and to the small
number of relations that it embraces in its calculations. But ignorance
of the different causes involved in the production of events, as well as
their complexity, taken together with the imperfection of analysis,
prevents our reaching the same certainty about the vast majority of
phenomena. Thus there are things that are uncertain for us, things more
or less probable, and we seek to compensate for the impossibility of
knowing them by determining their different degrees of likelihood. So it
is that we owe to the weakness of the human mind one of the most
delicate and ingenious of mathematical theories, the science of chance
or probability.”

Poincaré, 1903

“A very small cause which escapes our notice determines a consider-
able effectthat we cannot fail to see, and then we say that the effectis due to
chance. If we knew exactly the laws of nature and the situation of the
universe at the initial moment, we could predict exactly the situation of that
same universe at a succeeding moment. But even if it were the case that
the natural laws had no longer any secret for us, we could still only know the
initial situation approximately. If that enabled us to predict the succeeding
situation with the same approximation, that is all we require, and we
should say that the phenomenon had been predicted, that it is governed by
laws. But it is not always so; it may happen that small differences in the
initial conditions produce very great ones in the final phenomena. A small
error in the former will produce an enormous error in the latter. Prediction
becomes impossible, and we have the fortuitous phenomenon.”

|
|

OUTLOOKS OF TWO LUMINARIES on chance and probability are contrasted. The
French mathematician Pierre Simon de Laplace proposed that the laws of nature imply
strict determinism and complete predictability, although imperfections in observations
make the introduction of probabilistic theory necessary. The quotation from Poincaré
foreshadows the contemporary view that arbitrarily small uncertainties in the state of a
system may be amplified in time and so predictions of the distant future cannot be made.
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flying balloon with the air rushing out
of it, in contrast, is not predictable; the
balloon lurches and turns erratically at
times and places that are impossible to
predict. The balloon obeys Newton’s
laws just as much as the baseball does;
then why is its behavior so much hard-
er to predict than that of the ball?

The classic example of such a di-
chotomy is fluid motion. Under some
circumstances the motion of a fluid
is laminar—even, steady and regular—
and easily predicted from equations.
Under other circumstances fluid mo-
tion is turbulent—uneven, unsteady
and irregular—and difficult to predict.
The transition from laminar to turbu-
lent behavior is familiar to anyone
who has been in an airplane in calm
weather and then suddenly encoun-
tered a thunderstorm. What causes the
essential difference between laminar
and turbulent motion?

To understand fully why that is such
a riddle, imagine sitting by a
mountain stream. The water swirls
and splashes as though it had a mind of
its own, moving first one way and then
another. Nevertheless, the rocks in the
stream bed are firmly fixed in place,
and the tributaries enter at a nearly
constant rate of flow. Where, then,
does the random motion of the water
come from?

The late Soviet physicist Lev D.
Landau is credited with an explanation
of random fluid motion that held sway
for many years, namely that the mo-
tion of a turbulent fluid contains many
different, independent oscillations. As
the fluid is made to move faster, caus-
ing it to become more turbulent, the
oscillations enter the motion one at a
time. Although each separate oscilla-
tion may be simple, the complicated
combined motion renders the flow im-
possible to predict.

Landau’s theory has been disproved,
however. Random behavior occurs
even in very simple systems, without
any need for complication or indeter-
minacy. The French mathematician
Henri Poincaré realized this at the turn
of the century when he noted that un-
predictable, “fortuitous” phenomena
may occur in systems where a small
change in the present causes a much
larger change in the future. The notion
is clear if one thinks of a rock poised at
the top of a hill. A tiny push one way
or another is enough to send it tum-
bling down widely differing paths. Al-
though the rock is sensitive to small
influences only at the top of the hill,
chaotic systems are sensitive at every
point in their motion.

A simple example serves to illus-
trate just how sensitive some physical



systems can be to external influences.
Imagine a game of billiards, somewhat
idealized so that the balls move across
the table and collide with a negligible
loss of energy. With a single shot the
billiard player sends the collection of
balls into a protracted sequence of col-
lisions. The player naturally wants to
know the effects of the shot. For how
long could a player with perfect con-
trol over his or her stroke predict the
cue ball’s trajectory? If the player ig-
nored an effect even as minuscule as
the gravitational attraction of an elec-
tron at the edge of the galaxy, the
prediction would become wrong after
one minute!

The large growth in uncertainty
comes about because the balls are
curved, and small differences at the
point of impact are amplified with
each collision. The amplification is ex-
ponential: it is compounded at every
collision, like the successive reproduc-
tion of bacteria with unlimited space
and food. Any effect, no matter how
small, quickly reaches macroscopic
proportions. That is one of the basic
properties of chaos.

It is the exponential amplification
of errors due to chaotic dynamics that
provides the second reason for La-
place’s undoing. Quantum mechanics
implies that initial measurements are
always uncertain, and chaos ensures
that the uncertainties will quickly
overwhelm the ability to make predic-
tions. Without chaos Laplace might
have hoped that errors would remain
bounded, or at least grow slowly
enough to allow him to make predic-
tions over a long period. With cha-
os, predictions are rapidly doomed to
gross inaccuracy.

he larger framework that chaos

emerges from is the so-called the-
ory of dynamical systems. A dynami-
cal system consists of two parts: the
notions of a state (the essential infor-
mation about a system) and a dynamic
(a rule that describes how the state
evolves with time). The evolution can
be visualized in a state space, an ab-
stract construct whose coordinates are
the components of the state. In gener-
al the coordinates of the state space
vary with the context; for a mechani-
cal system they might be position and
velocity, but for an ecological mod-
el they might be the populations of
different species.

A good example of a dynamical sys-
tem is found in the simple pendulum.
All that is needed to determine its mo-
tion are two variables: position and ve-
locity. The state is thus a point in a
plane, whose coordinates are position
and velocity. Newton’s laws provide
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STATE SPACE is a useful concept for visualizing the behavior of a dynamical system. It
is an abstract space whose coordinates are the degrees of freedom of the system’s motion.
The motion of a pendulum (fop), for example, is completely determined by its initial
position and velocity. Its state is thus a point in a plane whose coordinates are position
and velocity (bottom). As the pendulum swings back and forth it follows an “orbit,” or
path, through the state space. For an ideal, frictionless pendulum the orbit is a closed
curve (bottom left); otherwise, with friction, the orbit spirals to a point (bottom right).

a rule, expressed mathematically as
a differential equation, that describes
how the state evolves. As the pendu-
lum swings back and forth the state
moves along an “orbit,” or path, in the
plane. In the ideal case of a frictionless
pendulum the orbit is a loop; failing
that, the orbit spirals to a point as the
pendulum comes to rest.

A dynamical system’s temporal ev-
olution may happen in either continu-
ous time or in discrete time. The for-
mer is called a flow, the latter a map-
ping. A pendulum moves continuously
from one state to another, and so it is
described by a continuous-time flow.
The number of insects born each year
in a specific area and the time interval
between drops from a dripping faucet
are more naturally described by a dis-
crete-time mapping.

To find how a system evolves from a
given initial state one can employ the
dynamic (equations of motion) to
move incrementally along an orbit.
This method of deducing the system’s
behavior requires computational ef-
fort proportional to the desired length
of time to follow the orbit. For simple
systems such as a frictionless pendu-
lum the equations of motion may oc-
casionally have a closed-form solu-
tion, which is a formula that expresses
any future state in terms of the initial
state. A closed-form solution provides
a short cut, a simpler algorithm that
needs only the initial state and the final
time to predict the future without step-
ping through intermediate states. With
such a solution the algorithmic effort
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required to follow the motion of the
system is roughly independent of the
time desired. Given the equations of
planetary and lunar motion and the
earth’s and moon’s positions and ve-
locities, for instance, eclipses may be
predicted years in advance.

Success in finding closed-form solu-
tions for a variety of simple systems
during the early development of phys-
ics led to the hope that such solu-
tions exist for any mechanical system.
Unfortunately, it is now known that
this is not true in general. The unpre-
dictable behavior of chaotic dynami-
cal systems cannot be expressed in a
closed-form solution. Consequently
there are no possible short cuts to pre-
dicting their behavior.

he state space nonetheless provides

a powerful tool for describing the
behavior of chaotic systems. The use-
fulness of the state-space picture lies
in the ability to represent behavior in
geometric form. For example, a pen-
dulum that moves with friction even-
tually comes to a halt, which in the
state space means the orbit approaches
a point. The point does not move—it
is a fixed point—and since it attracts
nearby orbits, it is known as an attrac-
tor. If the pendulum is given a small
push, it returns to the same fixed-point
attractor. Any system that comes to
rest with the passage of time can be
characterized by a fixed point in state
space. This is an example of a very
general phenomenon, where losses due
to friction or viscosity, for example,
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cause orbits to be attracted to a small-
er region of the state space with lower
dimension. Any such region is called
an attractor. Roughly speaking, an at-
tractor is what the behavior of a sys-
tem settles down to, or is attracted to.

Some systems do not come to rest
in the long term but instead cycle peri-
odically through a sequence of states.
An example is the pendulum clock,
in which energy lost to friction is re-
placed by a mainspring or weights.
The pendulum repeats the same mo-
tion over and over again. In the state
space such a motion corresponds to a
cycle, or periodic orbit. No matter
how the pendulum is set swinging, the
cycle approached in the long-term lim-
it is the same. Such attractors are
therefore called limit cycles. Another
familiar system with a limit-cycle at-
tractor is the heart.

A system may have several attrac-
tors. If that is the case, different initial
conditions may evolve to different at-
tractors. The set of points that evolve
to an attractor is called its basin of at-
traction. The pendulum clock has two
such basins: small displacements of
the pendulum from its rest position re-
sult in a return to rest; with large dis-
placements, however, the clock begins
to tick as the pendulum executes a sta-
ble oscillation.

The next most complicated form of
attractor is a torus, which resembles
the surface of a doughnut. This shape
describes motion made up of two inde-
pendent oscillations, sometimes called
quasi-periodic motion. (Physical ex-
amples can be constructed from driv-
en electrical oscillators.) The orbit
winds around the torus in state space,
one frequency determined by how fast

the orbit circles the doughnut in the
short direction, the other regulated by
how fast the orbit circles the long
way around. Attractors may also be
higher-dimensional tori, since they
represent the combination of more
than two oscillations.

The important feature of quasi-peri-
odic motion is that in spite of its com-
plexity it is predictable. Even though
the orbit may never exactly repeat it-
self, if the frequencies that make up
the motion have no common divisor,
the motion remains regular. Orbits
that start on the torus near one another
remain near one another, and long-
term predictability is guaranteed.

Until fairly recently, fixed points,
limit cycles and tori were the only
known attractors. In 1963 Edward N.
Lorenz of the Massachusetts Institute

ATTRACTORS are geometric forms that characterize long-term
behavior in the state space. Roughly speaking, an attractor is
what the behavior of a system settles down to, or is attracted to.
Here attractors are shown in blue and initial states in red. Trajec-
tories (green) from the initial states eventually approach the at-
tractors. The simplest kind of attractor is a fixed point (top left).
Such an attractor corresponds to a pendulum subject to friction;
the pendulum always comes to the same rest position, regardless
of how it is started swinging (see right half of illustration on pre-
ceding page). The next most complicated attractor is a limit cycle
(top middle), which forms a closed loop in the state space. A limit
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cycle describes stable oscillations, such as the motion of a pen-
dulum clock and the beating of a heart. Compound oscillations,
or quasi-periodic behavior, correspond to a torus attractor (top
right). All three attractors are predictable: their behavior can be
forecast as accurately as desired. Chaotic attractors, on the other
hand, correspond to unpredictable motions and have a more com-
plicated geometric form. Three examples of chaotic attractors are
shown in the bottom row; from left to right they are the work of
Edward N. Lorenz, Otto E. Rossler and one of the authors (Shaw)
respectively. The images were prepared by using simple systems
of differential equations having a three-dimensional state space.
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of Technology discovered a concrete
example of a low-dimensional system
that displayed complex behavior. Mo-
tivated by the desire to understand the
unpredictability of the weather, he be-
gan with the equations of motion for
fluid flow (the atmosphere can be con-
sidered a fluid), and by simplifying
them he obtained a system that had
just three degrees of freedom. Never-
theless, the system behaved in an ap-
parently random fashion that could
not be adequately characterized by
any of the three attractors then known.
The attractor he observed, which is
now known as the Lorenz attractor,
was the first example of a chaotic, or
strange, attractor.

Employing a digital computer to
simulate his simple model, Lorenz elu-
cidated the basic mechanism responsi-
ble for the randomness he observed:
microscopic perturbations are ampli-
fied to affect macroscopic behavior.
Two orbits with nearby initial condi-
tions diverge exponentially fast and so
stay close together for only a short
time. The situation is qualitatively dif-
ferent for nonchaotic attractors. For
these, nearby orbits stay close to one
another, small errors remain bounded
and the behavior is predictable.

The key to understanding chaotic
behavior lies in understanding a sim-
ple stretching and folding operation,
which takes place in the state space.
Exponential divergence is a local fea-
ture: because attractors have finite
size, two orbits on a chaotic attractor
cannot diverge exponentially forever.
Consequently the attractor must fold
over onto itself. Although orbits di-
verge and follow increasingly different
paths, they eventually must pass close
to one another again. The orbits on a
chaotic attractor are shuffled by this
process, much as a deck of cards is
shuffled by a dealer. The randomness
of the chaotic orbits is the result of
the shuffling process. The process of
stretching and folding happens repeat-
edly, creating folds within folds ad in-
finitum. A chaotic attractor is, in other
words, a fractal: an object that reveals
more detail as it is increasingly magni-
fied [see illustration on page 53].

Chaos mixes the orbits in state space
in precisely the same way as a baker
mixes bread dough by kneading it. One
can imagine what happens to nearby
trajectories on a chaotic attractor by
placing a drop of blue food coloring in
the dough. The kneading is a combina-
tion of two actions: rolling out the
dough, in which the food coloring is
spread out, and folding the dough
over. At first the blob of food coloring
simply gets longer, but eventually it is
folded, and after considerable time the
blob is stretched and refolded many

CHAOTIC ATTRACTOR has a much more complicated structure than a predictable at-
tractor such as a point, a limit cycle or a torus. Observed at large scales, a chaotic attrac-
tor is not a smooth surface but one with folds in it. The illustration shows the steps in
making a chaotic attractor for the simplest case: the Rossler attractor (bottom). First,
nearby trajectories on the object must “stretch,” or diverge, exponentially (top); here the
distance between neighboring trajectories roughly doubles. Second, to keep the object
compact, it must “fold”” back onto itself (middle): the surface bends onto itself so that the
two ends meet. The Rossler attractor has been observed in many systems, from fluid flows
to chemical reactions, illustrating Einstein’s maxim that nature prefers simple forms.
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times. On close inspection the dough
consists of many layers of alternating
blue and white. After only 20 steps the
initial blob has been stretched to more
than a million times its original length,
and its thickness has shrunk to the mo-
lecular level. The blue dye is thor-
oughly mixed with the dough. Chaos

works the same way, except that in-
stead of mixing dough it mixes the
state space. Inspired by this picture of
mixing, Otto E. Rossler of the Univer-
sity of Tiibingen created the simplest
example of a chaotic attractor in a
flow [see illustration on preceding page).

When observations are made on a

physical system, it is impossible to
specify the state of the system exactly
owing to the inevitable errors in meas-
urement. Instead the state of the sys-
tem is located not at a single point but
rather within a small region of state
space. Although quantum uncertainty
sets the ultimate size of the region, in
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DIVERGENCE of nearby trajectories is the underlying reason
chaos leads to unpredictability. A perfect measurement would cor-
respond to a point in the state space, but any real measurement is
inaccurate, generating a cloud of uncertainty. The true state might
be anywhere inside the cloud. As shown here for the Lorenz at-
tractor, the uncertainty of the initial measurement is represented
by 10,000 red dots, initially so close together that they are indis-
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tinguishable. As each point moves under the action of the equa-
tions, the cloud is stretched into a long, thin thread, which then
folds over onto itself many times, until the points are spread over
the entire attractor. Prediction has now become impossible: the
final state can be anywhere on the attractor. For a predictable
attractor, in contrast, all the final states remain close together.
The numbers above the illustrations are in units of 1/200 second.
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practice different kinds of noise limit
measurement precision by introducing
substantially larger errors. The small
region specified by a measurement is
analogous to the blob of blue dye in
the dough.

Ecating the system in a small region
of state space by carrying out a
measurement yields a certain amount
of information about the system. The
more accurate the measurement is,
the more knowledge an observer gains
about the system’s state. Conversely,
the larger the region, the more uncer-
tain the observer. Since nearby points
in nonchaotic systems stay close as
they evolve in time, a measurement
provides a certain amount of informa-
tion that is preserved with time. This is
exactly the sense in which such sys-
tems are predictable: initial measure-
ments contain information that can be
used to predict future behavior. In oth-
er words, predictable dynamical sys-
tems are not particularly sensitive to
measurement errors.

The stretching and folding opera-
tion of a chaotic attractor systemati-
cally removes the initial information
and replaces it with new information:
the stretch makes small-scale uncer-
tainties larger, the fold brings wide-
ly separated trajectories together and
erases large-scale information. Thus
chaotic attractors act as a kind of
pump bringing microscopic fluctua-
tions up to a macroscopic expression.
In this light it is clear that no exact so-
lution, no short cut to tell the future,
can exist. After a brief time interval
the uncertainty specified by the initial
measurement covers the entire attrac-
tor and all predictive power is lost:
there is simply no causal connection
between past and future.

Chaotic attractors function locally
as noise amplifiers. A small fluctua-
tion due perhaps to thermal noise will
cause a large deflection in the orbit po-
sition soon afterward. But there is an
important sense in which chaotic at-
tractors differ from simple noise am-
plifiers. Because the stretching and
folding operation is assumed to be re-
petitive and continuous, any tiny fluc-
tuation will eventually dominate the
motion, and the qualitative behavior is
independent of noise level. Hence cha-
otic systems cannot directly be “qui-
eted,” by lowering the temperature,
for example. Chaotic systems generate
randomness on their own without the
need for any external random inputs.
Random behavior comes from more
than just the amplification of errors
and the loss of the ability to predict; it
is due to the complex orbits generated
by stretching and folding.

It should be noted that chaotic as

CHAOTIC ATTRACTORS are fractals: objects that reveal more detail as they are in-
creasingly magnified. Chaos naturally produces fractals. As nearby trajectories expand
they must eventually fold over close to one another for the motion to remain finite. This
is repeated again and again, generating folds within folds, ad infinitum. As a result chaot-
ic attractors have a beautiful microscopic structure. Michel Hénon of the Nice Observa-
tory in France discovered a simple rule that stretches and folds the plane, moving each
point to a new location. Starting from a single initial point, each successive point ob-
tained by repeatedly applying Hénon’s rule is plotted. The resulting geometric form (a)
provides a simple example of a chaotic attractor. The small box is magnified by a factor of
10 in b. By repeating the process (¢, d) the microscopic structure of the attractor is
revealed in detail. The bottom illustration depicts another part of the Hénon attractor.
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well as nonchaotic behavior can occur
in dissipationless, energy-conserving
systems. Here orbits do not relax onto
an attractor but instead are confined to
an energy surface. Dissipation is, how-
ever, important in many if not most
real-world systems, and one can ex-
pect the concept of attractor to be gen-
erally useful.

Ew-dimensional chaotic attractors
open a new realm of dynamical
systems theory, but the question re-
mains of whether they are relevant to
randomness observed in physical sys-
tems. The first experimental evidence
supporting the hypothesis that chaotic
attractors underlie random motion in
fluid flow was rather indirect. The ex-

periment was done in 1974 by Jerry
P. Gollub of Haverford College and
Harry L. Swinney of the University of
Texas at Austin. The evidence was in-
direct because the investigators fo-
cused not on the attractor itself but
rather on statistical properties charac-
terizing the attractor.

The system they examined was a
Couette cell, which consists of two
concentric cylinders. The space be-
tween the cylinders is filled with a flu-
id, and one or both cylinders are rotat-
ed with a fixed angular velocity. As
the angular velocity increases, the flu-
id shows progressively more complex
flow patterns, with a complicated time
dependence [see illustration on this
page]. Gollub and Swinney essentially
measured the velocity of the fluid at a
given spot. As they increased the rota-
tion rate, they observed transitions
from a velocity that is constant in time
to a periodically varying velocity and
finally to an aperiodically varying ve-
locity. The transition to aperiodic mo-
tion was the focus of the experiment.

The experiment was designed to dis-
tinguish between two theoretical pic-
tures that predicted different scenarios
for the behavior of the fluid as the ro-
tation rate of the fluid was varied. The
Landau picture of random fluid mo-
tion predicted that an ever higher
number of independent fluid oscilla-
tions should be excited as the rotation
rate is increased. The associated at-
tractor would be a high-dimensional
torus. The Landau picture had been
challenged by David Ruelle of the In-
stitut des Hautes Etudes Scientifiques
near Paris and Floris Takens of the
University of Groningen in the Neth-
erlands. They gave mathematical ar-
guments suggesting that the attrac-
tor associated with the Landau picture
would not be likely to occur in fluid
motion. Instead their results suggested
that any possible high-dimensional
tori might give way to a chaotic attrac-
tor, as originally postulated by Lorenz.

Gollub and Swinney found that for
low rates of rotation the flow of the
fluid did not change in time: the under-

EXPERIMENTAL EVIDENCE supports
the hypothesis that chaotic attractors un-
derlie some kinds of random motion in flu-
id flow. Shown here are successive pictures
of water in a Couette cell, which consists
of two nested cylinders. The space between
the cylinders is filled with water and the
inner cylinder is rotated with a certain an-
gular velocity (a). As the angular velocity
is increased, the fluid shows a progressive-
ly more complex flow pattern (b), which
becomes irregular (c¢) and then chaotic (d).
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lying attractor was a fixed point. As
the rotation was increased the water
began to oscillate with one indepen-
dent frequency, corresponding to a
limit-cycle attractor (a periodic orbit),
and as the rotation was increased still
further the oscillation took on two in-
dependent frequencies, corresponding
to a two-dimensional torus attractor.
Landau’s theory predicted that as the
rotation rate was further increased the
pattern would continue: more distinct
frequencies would gradually appear.
Instead, at a critical rotation rate a
continuous range of frequencies sud-
denly appeared. Such an observa-
tion was consistent with Lorenz’ “de-
terministic nonperiodic flow,” lending
credence to his idea that chaotic at-
tractors underlie fluid turbulence.

Ithough the analysis of Gollub and
Swinney bolstered the notion that
chaotic attractors might underlie some
random motion in fluid flow, their
work was by no means conclusive.
One would like to explicitly demon-
strate the existence in experimental
data of a simple chaotic attractor.
Typically, however, an experiment
does not record all facets of a system
but only a few. Gollub and Swinney
could not record, for example, the en-
tire Couette flow but only the fluid ve-
locity at a single point. The task of the
investigator is to “reconstruct” the at-
tractor from the limited data. Clearly
that cannot always be done; if the at-
tractor is too complicated, something
will be lost. In some cases, however, it
is possible to reconstruct the dynamics
on the basis of limited data.

A technique introduced by us and
put on a firm mathematical founda-
tion by Takens made it possible to re-
construct a state space and look for
chaotic attractors. The basic idea is
that the evolution of any single com-
ponent of a system is determined by
the other components with which it
interacts. Information about the rele-
vant components is thus implicitly
contained in the history of any single
component. To reconstruct an “equiv-
alent” state space, one simply looks at
a single component and treats the
measured values at fixed time delays
(one second ago, two seconds ago and
so on, for example) as though they
were new dimensions.

The delayed values can be viewed as
new coordinates, defining a %ingle
point in a multidimensional state
space. Repeating the procedure and
taking delays relative to different
times generates many such points. One
can then use other techniques to test
whether or not these points lie on a



chaotic attractor. Although this repre-
sentation is in many respects arbitrary,
it turns out that the important proper-
ties of an attractor are preserved by it
and do not depend on the details of
how the reconstruction is done.

The example we shall use to illus-
trate the technique has the advan-
tage of being familiar and accessible
to nearly everyone. Most people are
aware of the periodic pattern of drops

Q= Q=P Q=

emerging from a dripping faucet. The
time between successive drops can be
quite regular, and more than one in-
somniac has been kept awake waiting
for the next drop to fall. Less familiar
is the behavior of a faucet at a some-
what higher flow rate. One can often
find a regime where the drops, while
still falling separately, fall in a never
repeating patter, like an infinitely in-
ventive drummer. (This is an experi-

ment easily carried out personally; the
faucets without the little screens work
best.) The changes between periodic
andrandom-seeming patterns are rem-
iniscent of the transition between lami-
nar and turbulent fluid flow. Could a
simple chaotic attractor underlie this
randomness?

The experimental study of a drip-
ping faucet was done at the University
of California at Santa Cruz by one of
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DRIPPING FAUCET is an example of a common system that can
undergo a chaotic transition. The underlying attractor is recon-
structed by plotting the time intervals between successive drops in
pairs, as is shown at the top of the illustration. Attractors recon-
structed from an actual dripping faucet (a, ¢) compare favorably
with attractors generated by following variants of Hénon’s rule (b,
d). (The entire Hénon attractor is shown on page 53.) Illustra-
tions ¢ and f were reconstructed from high rates of water flow and

presumably represent the cross sections of hitherto unseen chaotic
attractors. Time-delay coordinates were employed in each of the
plots. The horizontal coordinate is ¢, the time interval between
drop n and drop n — 1. The vertical coordinate is the next time
interval, ¢, . |, and the third coordinate, visualized as coming out
of the page, is ¢, . ,. Each point is thus determined by a triplex of
numbers (¢, ¢, , |, t, ; ,) that have been plotted for a set of 4,094
data samples. Simulated noise was added to illustrations » and d.
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us (Shaw) in collaboration with Peter
L. Scott, Stephen C. Pope and Philip J.
Martein. The first form of the experi-
ment consisted in allowing the drops
from an ordinary faucet to fall on a
microphone and measuring the time
intervals between the resulting sound
pulses. Typical results from a some-
what more refined experiment are
shown on the preceding page. By plot-
ting the time intervals between drops
in pairs, one effectively takes a cross
section of the underlying attractor. In
the periodic regime, for example, the
meniscus where the drops are detach-
ing is moving in a smooth, repetitive
manner, which could be represented
by a limit cycle in the state space. But
this smooth motion is inaccessible in
the actual experiment; all that is re-
corded is the time intervals between
the breaking off of the individual
drops. This is like applying a strobo-
scopic light to regular motion around
a loop. If the timing is right, one sees
only a fixed point.

The exciting result of the experi-
ment was that chaotic attractors were
indeed found in the nonperiodic re-
gime of the dripping faucet. It could
have been the case that the random-
ness of the drops was due to unseen in-
fluences, such as small vibrations or
air currents. If that was so, there would
be no particular relation between one
interval and the next, and the plot of
the data taken in pairs would have
shown only a featureless blob. The
fact that any structure at all appears in
the plots shows the randomness has a
deterministic underpinning. In partic-
ular, many data sets show the horse-
shoelike shape that is the signature of
the simple stretching and folding proc-
ess discussed above. The characteristic
shape can be thought of as a ‘“snap-
shot” of a fold in progress, for exam-
ple, a cross section partway around the
Rossler attractor shown on page 51.
Other data sets seem more complicat-
ed; these may be cross sections of high-
er-dimensional attractors. The geome-
try of attractors above three dimen-
sions is almost completely unknown at
this time.

If a system is chaotic, how chaotic is
it? A measure of chaos is the “en-
tropy” of the motion, which roughly
speaking is the average rate of stretch-
ing and folding, or the average rate at
which information is produced. An-
other statistic is the “dimension” of the
attractor. If a system is simple, its be-
havior should be described by a low-
dimensional attractor in the state
space, such as the examples given in
this article. Several numbers may be
required to specify the state of a more
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complicated system, and its corre-
sponding attractor would therefore be
higher-dimensional.

The technique of reconstruction,
combined with measurements of en-
tropy and dimension, makes it possible
to reexamine the fluid flow originally
studied by Gollub and Swinney. This
was done by members of Swinney’s
group in collaboration with two of
us (Crutchfield and Farmer). The re-
construction technique enabled us to
make images of the underlying attrac-
tor. The images do not give the striking
demonstration of a low-dimensional
attractor that studies of other systems,
such as the dripping faucet, do. Meas-
urements of the entropy and dimen-
sion reveal, however, that irregular
fluid motion near the transition in
Couette flow can be described by cha-
otic attractors. As the rotation rate of
the Couette cell increases so do the en-
tropy and dimension of the underlying
attractors.

In the past few years a growing num-
ber of systems have been shown to ex-
hibit randomness due to a simple cha-
otic attractor. Among them are the
convection pattern of fluid heated in
a small box, oscillating concentration
levels in a stirred-chemical reaction,
the beating of chicken-heart cells and
a large number of electrical and me-
chanical oscillators. In addition com-
puter models of phenomena ranging
from epidemics to the electrical activi-
ty of a nerve cell to stellar oscillations
have been shown to possess this simple
type of randomness. There are even
experiments now under way that are
searching for chaos in areas as dispa-
rate as brain waves and economics.

It should be emphasized, however,
that chaos theory is far from a pana-
cea. Many degrees of freedom can also
make for complicated motions that
are effectively random. Even though a
given system may be known to be cha-
otic, the fact alone does not reveal
very much. A good example is mole-
cules bouncing off one another in a
gas. Although such a system is known
to be chaotic, that in itself does not
make prediction of its behavior easier.
So many particles are involved that all
that can be hoped for is a statistical de-
scription, and the essential statistical
properties can be derived without tak-
ing chaos into account.

There are other uncharted questions
for which the role of chaos is un-
known. What of constantly changing
patterns that are spatially extended,
such as the dunes of the Sahara and
fully developed turbulence? It is not
clear whether complex spatial patterns
can be usefully described by a single
attractor in a single state space. Per-
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haps, though, experience with the sim-
plest attractors can serve as a guide to
a more advanced picture, which may
involve entire assemblages of spatial-
ly mobile deterministic forms akin to
chaotic attractors.

he existence of chaos affects the

scientific method itself. The classic
approach to verifying a theory is to
make predictions and test them against
experimental data. If the phenomena
are chaotic, however, long-term pre-
dictions are intrinsically impossible.
This has to be taken into account in
judging the merits of the theory. The
process of verifying a theory thus be-
comes a much more delicate opera-
tion, relying on statistical and geomet-
ric properties rather than on detailed
prediction.

Chaos brings a new challenge to the
reductionist view that a system can be
understood by breaking it down and
studying each piece. This view has
been prevalent in science in part be-
cause there are so many systems for
which the behavior of the whole is
indeed the sum of its parts. Chaos
demonstrates, however, that a system
can have complicated behavior that
emerges as a consequence of simple,
nonlinear interaction of only a few
components.

The problem is becoming acute in
a wide range of scientific disciplines,
from describing microscopic physics
to modeling macroscopic behavior of
biological organisms. The ability to
obtain detailed knowledge of a sys-
tem’s structure has undergone a tre-
mendous advance in recent years, but
the ability to integrate this knowledge
has been stymied by the lack of a prop-
er conceptual framework within which
to describe qualitative behavior. For
example, even with a complete map of
the nervous system of a simple organ-
ism, such as the nematode studied by
Sidney Brenner of the University of
Cambridge, the organism’s behavior
cannot be deduced. Similarly, the hope
that physics could be complete with an
increasingly detailed understanding of
fundamental physical forces and con-
stituents is unfounded. The interaction
of components on one scale can lead to
complex global behavior on a larger
scale that in general cannot be de-
duced from knowledge of the individ-
ual components.

Chaos is often seen in terms of the
limitations it implies, such as lack of
predictability. Nature may, however,
employ chaos constructively. Through
amplification of small fluctuations it
can provide natural systems with ac-
cess to novelty. A prey escaping a
predator’s attack could use chaotic



flight control as an element of surprise
to evade capture. Biological evolu-
tion demands genetic variability; cha-
os provides a means of structuring
random changes, thereby providing
the possibility of putting variability
under evolutionary control.

Even the process of intellectual
progress relies on the injection of new
ideas and on new ways of connecting
old ideas. Innate creativity may have
an underlying chaotic process that se-
lectively amplifies small fluctuations
and molds them into macroscopic co-

herent mental states that are experi-
enced as thoughts. In some cases the
thoughts may be decisions, or what are
perceived to be the exercise of will. In
this light, chaos provides a mechanism
that allows for free will within a world
governed by deterministic laws.
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TRANSITION TO CHAOS is depicted schematically by means
of a bifurcation diagram: a plot of a family of attractors (vertical
axis) versus a control parameter (horizontal axis). The diagram
was generated by a simple dynamical system that maps one num-
ber to another. The dynamical system used here is called a circle
map, which is specified by the iterative equation x,,,=w +
x, + k/2msin(27x,). For each chosen value of the control param-
eter k a computer plotted the corresponding attractor. The colors
encode the probability of finding points on the attractors: red cor-
responds to regions that are visited frequently, green to regions
that are visited less frequently and blue to regions that are rarely
visited. As k is increased from 0 to 2 (see drawing at left), the
diagram shows two paths to chaos: a quasi-periodic route (from
k=0 to k =1, which corresponds to the green region above) and a
‘“period doubling” route (from k& = 1.4 to k = 2). The quasi-period-
ic route is mathematically equivalent to a path that passes
through a torus attractor. In the period-doubling route, which is
based on the limit-cycle attractor, branches appear in pairs, fol-
lowing the geometric series 2, 4, 8, 16, 32 and so on. The iterates
oscillate among the pairs of branches. (At a particular value of k—
1.6, for instance—the iterates visit only two values.) Ultimately
the branch structure becomes so fine that a continuous band struc-
ture emerges: a threshold is reached beyond which chaos appears.
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Dark Matter in the Universe

More matter exists than is seen. The motions of stars and galaxies

indicate where some of it is; theory suggests there is far more. What

and where is it? Particle physics and astrophysics are yielding clues

hat is the universe made of?

What kind of matter is com-

monest, how much is there
and how is it distributed? These ques-
tions, always a focus of cosmology,
have become even more intriguing
over the past few years as evidence has
piled up to support the proposition
that most of the mass in the universe
is dark—invisible to any existing tele-
scope or other observational device—
and new developments in both high-
energy physics and astrophysics have
made possible new predictions of the
makeup and distribution of this possi-
bly exotic form of matter.

There is already overwhelming evi-
dence that the visible matter within
galaxies may account for less than 10
percent of the galaxies’ actual mass:
the rest, not yet directly detectable by
observers on the earth, is probably dis-
tributed within and around each gal-
axy. Theoretical considerations now
suggest this may be only the tip of the
cosmic “iceberg” of dark matter:
much greater amounts of dark matter
may be distributed throughout the uni-
verse, perhaps in configurations en-
tirely independent of the distribution
of galaxies. It may be that this mass
can be accounted for only by the exis-
tence of new kinds of matter.

The question of dark matter—how
much of it there is, how it is distributed
and what it is made of—is intimately
linked to questions about the overall
structure and evolution of the uni-
verse: because dark matter is probably
the dominant form of mass in the uni-
verse, it must have affected the evolu-
tion of the features observable today.
Questions of structure in turn depend
for their answers on a deep bond that
has formed between macrophysics and
microphysics, the bodies of knowledge
that respectively describe interactions
on the largest scale (that of the uni-
verse as a whole) and the smallest scale
(that of the fundamental particles that
make up all matter).
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by Lawrence M. Krauss

This bond is provided by the obser-
vation that the universe is expanding.
If we are bold enough to extrapolate
the expansion backward by between
10 and 20 billion years, the cosmologi-
cal and microscopic scales begin to
merge, because at the earliest times
those structures now observed on the
largest scales occupied regions having
characteristic distances and energies
on scales that are typically associated
with the processes governing the inter-
actions of fundamental particles. Since
the structure remaining on the largest
scales observable today reflects the
imprint of those processes, it is natural
to expect the resolution of the dark-
matter question to come in part from
advances in the understanding of the
physics of high-energy particles.

At present a number of testable pre-
dictions for the nature of both the dark
matter and the primordial structures
in the early universe have been pro-
posed. Future developments, both the-
oretical and observational, will help to
decide issues ranging from how and
when galaxies and stars first formed to
what kinds of symmetries underlie the
interactions of particles at very high
energies. Ultimately the debate about
dark matter may help to answer a
question as old as human inquiry:
What will be the fate of the universe?

Ever since the early 1930’s, when Ed-
win P. Hubble confirmed that the
universe is expanding, it has been natu-
ral to ask whether the expansion will
eventually halt. The answer depends
on two factors: how fast the universe is
currently expanding and how strong-
ly the force of gravity, determined by
the average density of mass within the
universe, holds that mass together.
A high mass density would cause a
strong gravitational attraction.
According to the general theory of
relativity, there is a relation between
the magnitudes of these two factors
and the mean curvature of the uni-
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verse [see illustration on page 60]. If the
average mass density is high enough to
halt the expansion and cause the uni-
verse to contract again, the universe is
said to be closed. If the density is
so small compared with the expansion
rate that the universe will continue to
expand at a finite rate forever, the uni-
verse is said to be open. If the gravi-
tational attraction is precisely strong
enough to continue to slow the expan-
sion but not strong enough to close the
universe, the universe is said to be flat.

Because the observable universe is
highly uniform in all directions, its
rate of expansion can be described in
terms of a single parameter, which is
known as the Hubble constant even
though it is actually a slowly varying
function of time. The Hubble constant
is the average speed with which any
two regions of the universe are moving
apart from each other divided by the
distance between them.

For any given measurement of the
Hubble constant, it is easy to deter-
mine the mass density that would cor-
respond to a flat universe. Measure-
ments of the Hubble constant, howev-
er, depend on a variety of uncertain
measurements. The Hubble constant
is generally determined by measuring
the velocity at which various objects
are receding from the earth and gaug-
ing their distance by such techniques
as estimating their intrinsic brightness
and comparing that with their bright-
ness as seen from the earth.

Because those measurements are
highly uncertain, there is a spread of
about a factor of two in current deter-
minations of the universe’s rate of ex-
pansion. As an upper limit, objects one
megaparsec (about 3.26 million light-
years) apart are on the average reced-
ing from one another at a speed some-
what less than about 100 kilometers
per second. At that rate the average
mass density that would result in a flat
universe is about 2 X 10—2° gram per
cubic centimeter, which is roughly



SPIRAL GALAXY M31 (ANDROMEDA) reveals the presence
of dark matter by the motion of its outer arms. They are rotating
about the galactic center faster than they would be expected to if
the galaxy’s visible, luminous matter represented most of its mass.
Roughly an order of magnitude more mass is probably distributed
in a large sphere of dark matter, in which the luminous galaxy is

embedded. Observational measurements, combined with cosmo-
logical arguments, suggest that the mass associated with galaxies,
including the mass of the dark matter in which they are embed-
ded, may provide only about a fifth of the total mass density in the
universe. The rest could be associated with dark matter (perhaps
made up of exotic new Kkinds of matter) distributed elsewhere.
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equivalent to the mass of 10 hydrogen
atoms per cubic meter of space.

How is it possible to determine how
much mass actually exists? One
method for finding at least a lower
limit is simply to add up the total
amount of visible matter. Since what
can be measured directly is not mass
but luminosity, some amount of inter-
pretation is necessary in translating
observations into putative mass den-

sities. When the observed distribu-
tion and luminosity of stellar objects
and diffuse gas are taken in combina-
tion with theoretical estimates of their
masses, it seems that the mass-to-lumi-
nosity ratio of the luminous matter as-
sociated with galaxies is a few times
the mass-to-luminosity ratio of the
sun. Given this estimate and estimated
lower limits on the Hubble constant,
the average density of luminous mat-
ter in the universe is less than about 2
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CURVATURE OF THE UNIVERSE depends on the average speed with which it is ex-
panding and the average density of matter within it. If the rate of expansion is high in
relation to the amount of mass, the universe is said to be open. Such a three-dimensional
spatial geometry is analogous to a particular two-dimensional geometry: the area near the
center of a saddle (a, lefr). The shape of space affects the shape of geometric objects. For
example, in an open universe the sum of the angles in a triangle would be less than 180
degrees, just as it is on the surface of a saddle. The effect would not be noticeable over
distances as small as those measurable on the earth, just as a triangle on a very small
section of a saddle would appear to be normal. If the universe is open, it will go on
expanding at a finite rate forever: any reference length (the distance between any two
regions of the expanding universe) will continue to increase (a, right). If the amount of
mass in the universe is high in relation to the expansion rate, the universe is closed. It
closes on itself in much the same way as the surface of a sphere closes on itself (b, left).
On a sphere the angles of a triangle add up to more than 180 degrees. If the universe is
closed, it will eventually stop expanding and will then contract once again (b, right). If
the recession rate and the amount of mass in the universe are exactly matched, the uni-
verse is flat and analogous to a plane (¢, lefr). It will continue expanding, but the rate of
expansion will slow asymptotically (c, right). Strong theoretical arguments support the
proposition that the universe is actually flat, even though in order to be flat it would have
to contain much more mass than has yet been observed, either directly or indirectly.
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percent of the density needed to halt
the universe’s expansion.

It has been known since as early as
1933, however, that clusters of galax-
ies may contain a significant propor-
tion of nonluminous mass. In that year
Fritz Zwicky of the California Insti-
tute of Technology was analyzing the
individual velocities of galaxies with-
in the Coma cluster. He found many
galaxies'were moving so quickly that
the cluster as a whole should tend to
fly apart unless there was more mass
to hold it together than the luminous
mass alone. Other evidence indicated
the cluster was stable, and so Zwicky
concluded that the cluster must con-
tain nonluminous matter.

Zwicky set an important precedent
by showing that dark matter can in
principle be detected indirectly by its
gravitational effects. In recent years
investigators have shown convincingly
that similar techniques can detect the
presence of dark matter in structures
on scales ranging from the immediate
solar neighborhood through galaxies
and clusters of galaxies to superclus-
ters made up of thousands of galaxies.

The best-documented evidence for
the presence of dark matter is based on
the velocities of rotation of spiral gal-
axies [see “Dark Matter in Spiral Gal-
axies,” by Vera C. Rubin; SCIENTIFIC
AMERICAN, June, 1983]. The velocity
of rotation of an object in a stable,
gravitationally bound system, such as
a spiral galaxy, depends in part on its
distance from the center of rotation.
According to Newton’s laws, the orbit-
al velocity of objects far from a central
concentration of mass should drop off
in proportion to the reciprocal of the
square root of their distance from the
center of rotation. In extensive surveys
of stars and hot gas in the outer regions
of spiral galaxies, several groups have
shown that the rotational velocities of
these objects remain constant, rath-
er than dropping off, out to distances
greater than 30 kiloparsecs from the
galactic core. It had already been sug-
gested by Jeremiah P. Ostriker and
P. James E. Peebles of Princeton Uni-
versity that there must be some unseen
mass in spiral galaxies, because other-
wise gravitational instabilities would
cause the galaxies to collapse into bar-
shaped formations. The stability of
spiral galaxies, as well as the rates of
rotation of their outer arms, could be
explained if the galaxies were each em-
bedded in a large, roughly spherical
distribution of dark matter.

here is other dynamical evidence
for dark matter, on scales both
larger and smaller than the scale of
individual galaxies. The evidence is
obtained not from measurements of



RED-SHIFTED LIGHT
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DOPPLER FREQUENCY SHIFT makes it possible to determine
how quickly a light-emitting object is moving toward or away from
an observer and how fast the arms of a spiral galaxy are rotating.
A stellar object emits light at characteristic frequencies deter-
mined by its composition (a). If the object is moving away from
the observer (b), the wavelength of the observed light appears to
be lengthened. This is called a red shift, because longer-wave-
length light is redder. If the object is moving toward the observer
(¢), the wavelength of the light is shortened; the light is blue-shift-
ed. Spiral galaxies tend to be moving away from the earth because
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of the expansion of the universe. To an observer on the earth the
light from the center of a spiral galaxy therefore appears to be
red-shifted (d, center). One arm of the spinning galaxy (d, left)
will not be moving away from the earth as quickly as the galactic
center is, and so its light will be less red-shifted. The other arm
will be moving more quickly away from the earth than the galactic
center is (d, right), and so its light will be even more red-shifted.
By comparing the red shifts of the galactic center and the arms
one can determine the rate of rotation of any part of either arm. It
is then possible to infer the distribution of mass in the galaxy.

rotational velocities but from meas-
urements of the random individu-
al velocities of objects within gravita-
tionally bound systems. A well-known
theorem of classical mechanics called
the virial theorem establishes a rela-
tion between the average kinetic and
gravitational potential energies of ob-
jects in stable, gravitationally bound
systems that have reached dynamical
equilibrium. It should therefore be
possible to estimate the total mass of
such a system (which is related to its
total gravitational potential energy) by
measuring the relative velocities of a
large number of pairs of objects within
the system. This method has yielded
evidence of dark matter in a wide vari-
ety of systems, ranging from dwarf
spheroidal galaxies as small as 107 so-
lar masses to clusters of galaxies as
large as 1015 solar masses. On the larg-
est scales probed by this kind of anal-
ysis (regions within roughly a mega-
parsec of galaxies) the average mass
densities are no larger than about 20
percent of the density needed to close
the universe.

Another method, pioneered by Pee-
bles and his co-workers, relies on sta-
tistical analysis of large numbers of

galaxies rather than on data taken
from individual galaxies or clusters.
Peebles showed that by amassing sta-
tistical data on galactic motion and
clustering on different size scales it is
possible, under the assumption that
the regions probed contain gravita-
tionally stable dynamical systems, to
relate the mean relative velocity of a
large number of pairs of galaxies to
the mean mass density of the universe.

It is striking that all the available
methods, including those I have dis-
cussed and several I have not men-
tioned, yield essentially the same re-
sult: if the distribution of galaxies
traces the distribution of mass in the
universe, then the universe contains
less than about 20 to 30 percent of the
mean mass density that would be nec-
essary for closure.

Even if galaxies are not good tracers
of mass, or if somehow all the analyses
have involved systematic errors, there
is still good reason to believe that at
any rate the total amount of ordinary
mass (mass consisting mainly of pro-
tons and neutrons) in the universe ac-
counts for no more than about 20 per-
cent of the amount that would be
required for closure. The evidence
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comes for the most part from the theo-
retical framework that explains the
process of nucleosynthesis, in which
various cosmically abundant light ele-
ments and isotopes were first formed.

Nucleosynthesis of light elements
occurred primarily in the first few
minutes of the universe’s existence.
The process of nucleosynthesis would
have been extremely sensitive to the
absolute density of protons and neu-
trons at that time. In order for the pre-
dictions of current theoretical models
of nucleosynthesis to agree with the
present-day abundances of the light el-
ements, the total density of protons
and neutrons that could have been
present at the time of nucleosynthesis
is constrained so tightly that these par-
ticles’ current density must be less than
about 20 percent of the density re-
quired for closure. Thus it seems that
if the universe is closed, at least 80 per-
cent of the total mass in it is made up
of some other kind of matter.

Since such fundamental theoretical
arguments limit the amount of
normal mass in the universe to 20 per-
cent of the critical density, and since
observational evidence suggests that
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the mass density associated with gal-
axies and clusters of galaxies is about
that amount, why should cosmologists
not assume the universe is in fact
open? It is by no means impossible to
imagine a form in which enough nor-
mal matter to explain the dynamics of
galaxies and clusters could remain un-
seen. Why, then, is there a need to pos-
tulate any other form of mass? Why is
there a larger dark-matter problem?

Two theoretical barriers stand in the
way of the simple assumption that
most or all of the mass in the universe
is composed of normal matter and that
the mean density is only 20 percent of
the critical amount. The first barrier is
set by a combination of the theory of
galaxy formation and observations of
the background of microwave radia-
tion that pervades the cosmos.

It is generally assumed that galaxies
eventually formed when regions of the
early universe that were denser than
the average condensed under the force
of gravity until they separated from
the background expansion to form iso-
lated bound systems. For roughly
100,000 years after the big bang, ordi-
nary matter could not condense in this
way. Ordinary matter was still too hot
for its constituent particles to have
combined into electrically neutral at-
oms, and so it consisted of indepen-
dent charged particles. Because ordi-
nary matter was ionized in this way, its
microscopic motion was strongly in-
fluenced by background fields of elec-
tromagnetic radiation: matter and ra-
diation were coupled. Regions of or-
dinary matter that were denser than
surrounding regions and smaller than
the horizon size (the distance a light
ray could have traveled since the big
bang, and therefore the maximum dis-
tance over which physical systems
could be in causal contact) could not
have condensed further, because the
“pressure” of the radiation combated
the attracting force of gravity.

Eventually the universe had cooled
enough for oppositely charged parti-
cles to combine, rendering normal
matter electrically neutral, and so mat-
ter decoupled from radiation. The
thermal background-radiation bath to
which the matter had been coupled
was then free to cool as the universe
expanded, and it now constitutes the
well-known cosmic microwave back-
ground radiation, which fills the uni-
verse. Observations have shown that
this background radiation is isotro-
pic—the same in all directions—to
within a very high degree of accuracy.

Since gravity is a universally attrac-
tive force, any initial fluctuations, or
small variations, in the density of or-
dinary matter in the early universe
would have tended to grow after the
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force of radiation pressure no longer
acted against the force of gravity.
Thus it is presumed that the universe
became (and is becoming) clumpier
with time and that galaxies, whose
cores now have densities more than
one million times the average back-
ground density, began in fluctuations
whose densities were much closer to
the background value.

ow large were the initial fluctu-

ations? Because of the limited
data currently available on large-scale
structures, and because of the mathe-
matical difficulties inherent in describ-
ing analytically the evolution of sys-
tems as dense as galaxies, it is extreme-
ly difficult to work backward from the
current state of the universe to deter-
mine the precise nature of the initial
fluctuations. An easier approach is to
assume some initial pattern of fluctua-
tions, simulate the growth and evolu-
tion of that pattern and compare the
result with present-day observations.
In this approach the cosmologist is
guided by both lower and upper limits
on the size and nature of the initial
fluctuations. First, they must have
been extreme enough (that is, the ratio
between the local overdensity in the
region of the fluctuation and the aver-
age density in space must have been
large enough) for fluctuations on the
scale corresponding to galactic sizes to
have condensed to form galaxies by
today. Second, the fluctuations must
have been of small enough amplitude
for them not to have left an anisotropy
in the background radiation larger
than the measured upper limit.

These two conditions appear to be
mutually inconsistent if the universe is
composed mainly of normal matter.
Between the time when normal matter
became decoupled from radiation and
the time when the fluctuations that
would become galaxies collapsed to
form isolated, gravitationally bound
systems, the initially small fluctua-
tions in density could grow only at a
well-defined rate. Fluctuations large
enough to have had sufficient time to
form self-bound systems would have
led to an anisotropy in the background
radiation more than an order of mag-
nitude greater than the observational
upper bounds. In other words, there
has not been enough time, since decou-
pling, for galaxies to form gravitation-
ally from variations in density small
enough not to have left observable
traces in the background radiation.

This conclusion depends on two
widely held assumptions, namely that
the microwave background has not
been significantly disturbed since the
time of decoupling and that gravity
alone led to the formation of galax-
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ies. Unless either of these standard as-
sumptions is false (as various investi-
gators have suggested), it appears that
some new form of matter is necessary,
one that could have begun to condense
gravitationally earlier than normal
matter could have.

here is a second and more funda-

mental reason to suppose the uni-
verse is not dominated by normal mat-
ter having a density of only about
20 percent of the critical density. This
reason, now called the flatness prob-
lem, was first pointed out by R. H.
Dicke of Princeton and Peebles. The
essential point is that any deviation
from an exactly flat universe should
tend to increase linearly with time. If
the universe had had even a small non-
zero curvature at the time of nucleo-
synthesis, the deviation from flatness
would by today have increased by a
factor of about 10!2. Since the mass
density in the present-day universe is
within a factor of 10 of the mass densi-
ty of a closed universe (in other words,
since the universe is relatively close to
being flat), at nucleosynthesis the uni-
verse must have been either exactly
flat or curved to an extremely small
degree: it must have been flat to an ac-
curacy of within one part in a mil-
lion million.

If the universe is measurably curved
today, cosmologists must accept the
miraculous fact that this is so for the
first time in the 10!%-year history of
the universe; if it had been measurably
nonflat at much earlier times, it would
be much more obviously curved today
than it is. This line of reasoning sug-
gests that the observable universe is es-
sentially exactly flat: that it contains
precisely the critical density of mass.
Since normal matter probably ac-
counts for only 20 to 30 percent of the
critical density, some form of more ex-
otic matter is probably present.

The next logical question is: Why is
the universe exactly flat? In 1980 Alan
H. Guth, now at the Massachusetts
Institute of Technology, proposed an
answer. It took the form of a model
of the evolution of the early universe
based on ideas in particle physics that
had only recently been proposed.

uth drew on the work of Howard

Georgi and Sheldon Lee Glashow
of Harvard University. In 1974 the
two investigators proposed that three
of the fundamental forces of nature—
the so-called strong, weak and electro-
magnetic forces—are different aspects
of a single, “unified” force. At suffi-
ciently high energies the three forces
should be exactly symmetrical: they
should behave identically. At energies
comparable to those observed now on



the earth, on the other hand, the three
forces can behave quite differently
[see “A Unified Theory of Elementa-
ry Particles and Forces,” by Howard
Georgi; SCIENTIFIC AMERICAN, April,
1981]. The temperature of the early
universe, soon after the big bang, was
initially high enough for the symmetry
of the three forces to be manifest. As
the universe cooled below the critical
energy at which the symmetries relat-
ing the forces can be maintained, the
preferred configuration of the uni-
verse became one in which the symme-
try was “broken.” The effect of this
symmetry breaking was that the forces
appeared distinct from one another.

(A simple example of this type of
behavior is found in ferromagnets. At
sufficiently high temperatures a piece
of iron is not magnetized: the spins of
all the electrons, each of which causes
a small magnetic field, point in ran-
dom, different directions. Below a cer-
tain critical temperature, however, it
may be energetically more favorable
for all the spins to point in one direc-
tion, aligning their magnetic fields and
creating a permanent magnet. The
direction of the magnetic field in the
magnet represents a unique direction,
and so the symmetry of the former
configuration, in which no direction
was special, is broken.)

According to Guth’s idea, which
was later extended by Andrei D. Linde
of the P. N. Lebedev Physical Institute
in Moscow and by Paul J. Steinhardt
and Andreas Albrecht of the Universi-
ty of Pennsylvania, the abrupt break-
ing of symmetry could have caused the
universe to “inflate” rapidly: the uni-

verse could have expanded exponen-
tially, growing by more than 28 orders
of magnitude in less than 103 sec-
ond. After the period of rapid infla-
tion the universe could have reverted
to its normal, nonexponential expan-
sion, which is observed today [see
“The Inflationary Universe,” by Alan
H. Guth and Paul J. Steinhardt; Sci-
ENTIFIC AMERICAN, May, 1984].

It is the rapid inflation of the uni-
verse, according to this model, that
caused the observable regions of space
to become flat, in much the same way
as inflating a balloon makes its surface
appear flatter; after inflation the part
of the universe observed today would
necessarily appear flat.

In addition to its resolution of the
flatness problem, the inflationary-uni-
verse scenario is remarkably success-
ful in other ways. In particular, it is the
only model consistently tying the ini-
tial conditions that caused the uni-
verse’s expansion to the laws of micro-
physics. The inflationary model also
makes it possible to calculate, from
first principles, quantities whose val-
ues had previously been assumed or
inferred. For example, the model re-
markably predicts the shape of the
spectrum of primordial density fluctu-
ations (the functional relation between
the amplitude of fluctuations and their
scale size) to be precisely the shape
that had been suggested earlier on phe-
nomenological grounds. The wide ac-
ceptance by many cosmologists of the
predictions of the inflationary-uni-
verse model indicates the deep impact
particle theory is having on modern
cosmology.

In solving the flatness problem, the
inflationary model makes the dark-
matter problem more urgent. If the
universe is flat, then most of the mass
in the universe is probably not normal
matter, and most of it has not yet been
detected in any way, even indirectly.

hat might this exotic, undetected

matter be made of? One of the
earliest proposals was that the dark
matter is composed of neutrinos. First
postulated in order to solve problems
involving the conservation of energy
and momentum in nuclear decay, neu-
trinos interact very weakly with nor-
mal matter and are thus extremely dif-
ficult to detect. Nevertheless, three
kinds of neutrino, called the electron
neutrino, the muon neutrino and the
tau neutrino, have now been found
experimentally. It was originally pro-
posed that neutrinos were massless,
but there is no theoretical reason for
supposing they might not have some
mass. Stringent experimental limits
have nonetheless been set on the max-
imum possible neutrino mass, and it
is very small indeed. The strongest
constraint is on the electron neutri-
no, which must have a mass less than
about 10,000 times smaller than the
mass of the electron.

As dark-matter candidates, neutri-
nos have two strong advantages over
other contenders. First of all, they are
known to exist. Second, the calcula-
tions that have been so successful in
describing primordial nucleosynthesis
also suggest that light neutrinos must
be abundant in the universe today.
When big-bang nucleosynthesis start-

CLUSTER OF GALAXIES IN CANCER, as these computer-gen-
erated views show, is not a single dynamical system. As it appears
from the earth (/eft) the cluster seems to be a roughly spherical
system in apparent equilibrium. Measurements of the velocities of
individual galaxies within the system revealed that it would tend
to fly apart unless it contained a large amount of unseen matter.
Later analysis by Gregory Bothun and his colleagues at the
Smithsonian Astrophysical Observatory showed that the cluster is
in fact made up of several groups of galaxies separated in space
(center, colors). A rotated view, in a three-dimensional space in
which two axes represent position as seen in the sky and the third

represents red shift (right), shows the separation of the various
groups more clearly. Within each group the relative velocities of
galaxies are much lower than the relative velocities of the groups
(which are not in dynamic equilibrium), indicating there is less
mass in the system as a whole than had previously been estimated.
The high relative velocities of the groups themselves had biased
the earlier work. This analysis shows that the mass contained in
clusters such as the Cancer cluster cannot by itself account for
enough mass to produce a flat universe; additional mass must be
distributed elsewhere. The computer images here were made by
Michael J. Kurtz of the Smithsonian Astrophysical Observatory.
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ed, at temperatures greater than 1010
degrees Kelvin (degrees Celsius above
absolute zero), light neutrinos were
kept in thermal equilibrium with mat-
ter by the weak interaction and were
therefore as abundant as photons.
Thus, as R. Cowsik of the Tata Insti-
tute of Fundamental Research in India
and J. McLelland of the University of
Melbourne first estimated, if neutrinos
have approximately the same present-
day density as the photons that make
up the background radiation, and if
they have a mass in the range of one
ten-thousandth to one hundred-thou-
sandth the mass of the electron, they
could account for enough mass to
close the universe. (The estimate was
later confirmed by more detailed
calculations.)

This point became particularly rele-
vant in 1980 when V. A. Lubimov and
his collaborators at the Institute of
Theoretical and Experimental Physics
in Moscow announced they had found
evidence that the electron neutrino has
a mass within that range. On the basis
of this result it seemed neutrinos were
ideal candidates to be the dominant
mass in the universe. Since then, how-
ever, the likelihood that light neutrinos
are the dark matter has become much
smaller. In the first place, there are
many outstanding experimental ques-
tions about the Soviet result; as a mat-
ter of fact, a recent finding by a group

at the Swiss Institute for Nuclear Re-
search appears to contradict it. In ad-
dition a great deal of work by astro-
physicists has shown that theoretical
pictures of a universe dominated by
light neutrinos are not as compatible
with observation as it once seemed.

he first such theoretical evidence

came in 1979 from investigations
by Scott D. Tremaine and James E.
Gunn, then both at Caltech. They not-
ed that, for reasons based partly on the
Pauli exclusion principle, neutrinos in
the relevant mass range could not con-
dense sufficiently to be dark matter on
scales much smaller than galaxies. The
existence of dark matter on such scales
has since been demonstrated convinc-
ingly by observations of dwarf sphe-
roidal galaxies.

This work does not preclude the
possibility that neutrinos are the dark
matter on larger scales. Nevertheless,
such a proposal seems incompati-
ble with substantial recent theoretical
work describing the evolution of the
early universe, which has demonstrat-
ed that the large-scale gravitational
clustering (the clustering of galaxies
and of clusters of galaxies) likely to oc-
cur in a neutrino-dominated universe
does not seem to resemble the cluster-
ing actually observed.

In a neutrino-dominated universe
the first structures to form would not

be on the size scale of galaxies but
rather on the scale of clusters of galax-
ies or even superclusters (clusters of
clusters of -galaxies). Unlike normal
matter, neutrinos in the early universe
were not coupled to electromagnetic
radiation. Even so, for some time they
were not able to clump together appre-
ciably because, being extremely light,
they moved at relativistic speeds, and
relativistic objects are not bound grav-
itationally except by very highly con-
densed objects such as black holes.

As the universe expanded, neutrinos
cooled until they slowed down and
became nonrelativistic. At the same
time, the radiation background contin-
ued to cool to mean energies below
those of the nonrelativistic neutrinos.
Shortly before the time at which nor-
mal matter decoupled from electro-
magnetic radiation, neutrinos having
masses in the appropriate range to
close the universe would have become
nonrelativistic and would have begun
to make up the primary component of
the energy density of the universe. An-
alytic calculations show that only after
this time could they have clumped to-
gether gravitationally. At any earlier
times, fluctuations on scales smaller
than the horizon would have been bro-
ken up because the neutrinos, be-
ing relativistic, would not have been
bound to dense regions.

Thus the first scale on which fluctu-
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STRUCTURES ON DIFFERENT SIZE SCALES have different
mass-to-light ratios, but they have about the same ratio of total
mass to luminous mass. Because larger structures tend to have
higher mass-to-light ratios (left), it might appear that the very
largest luminous structures could contain enough mass to make
the universe flat. The ratio of total mass to luminous mass (a more
physically significant ratio) seems to be constant, however (right),
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indicating that larger structures do not have proportionally more
mass than smaller ones. The difference between graphs is account-
ed for largely by the hot gas (which radiates in the X-ray range
but not the optical range) found primarily in larger systems. The
graphs are based on work done by George R. Blumenthal, Joel R.
Primack and Sandra M. Faber of the University of California at
Santa Cruz and Martin J. Rees of the University of Cambridge.



ations could have grown in a neutrino-
dominated universe is the scale of the
horizon distance at the time when neu-
trinos could begin clumping gravi-
tationally. This distance scale corre-
sponds to the size of superclusters, not
that of galaxies. Soon after it had de-
coupled, normal matter would have
been drawn into the gravitational po-
tential wells caused by clumps of neu-
trinos. These supercluster-size forma-
tions might then have fragmented into
galaxies.

That scenario of a neutrino-domi-
nated universe is attractive in many
ways. It would have led to a system
of filament-shaped superclusters and
large “voids” (regions empty of mat-
ter) that resemble features identified in
current surveys of large-scale cluster-
ing [see “Very Large Structures in the
Universe,” by Jack O. Burns; SCIEN-
TIFIC AMERICAN, July]. In addition, the
fact that gravitationally bound forma-
tions of neutrinos could begin to grow
earlier than systems composed of nor-
mal matter indicates that the initial
density fluctuations in the universe
could have been small enough to be at
least marginally consistent with meas-
urements of the background radia-
tion’s isotropy.

These attractive features led Carlos
S. Frenk of the University of Cam-
bridge, Simon D. M. White of the Uni-
versity of Arizona and Marc Davis of
the University of California at Berke-
ley and, independently, Joan Centrella
of Drexel University and Adrian L.
Melott of the University of Chicago to
develop numerical models investigat-
ing the details of gravitational clump-
ing in a neutrino-dominated universe.
The investigators encountered serious
difficulties when they tried to re-create
the clustering that has actually been
observed. Essentially they found that
in a neutrino-dominated universe the
fragmenting of clusters into galaxies
and the formation of galaxies would
have to have occurred relatively re-
cently (when the universe was at least
half its present age) in order to match
the currently observed level of cluster-
ing. This conclusion is hard to recon-
cile with the existence of such struc-
tures as quasars, which formed in
much earlier eras.

In general, the major problem with
neutrino-dominated cosmology is that
in order for galaxies to have con-
densed by the present time, structures
on much larger scales would have to
be much less diffuse than the observed
large-scale structures actually are, be-
cause structure on the scales of gal-
axies and superclusters would have
formed contemporaneously. Well-de-
fined large-scale clustering would also
cause difficulties in matching the pre-

dicted random velocities of galaxies
in clusters to the observed velocities.
For these and other reasons a neu-
trino-dominated universe now seems
implausible.

way out of the problems with neu-

trino models seems clear: find
models in which galaxies can form sig-
nificantly earlier than larger structures
do. This suggests the need for what has
become known as cold dark matter:
dark matter that was so cold (that is,
moving so slowly) that it was nonrela-
tivistic significantly earlier than neu-
trinos were and could therefore cluster
gravitationally much earlier.

The time at which a class of particles
becomes nonrelativistic is a key factor
in determining the size of structures
that can be formed by that class of par-
ticles. At times before the particles
become nonrelativistic, structures on
scales smaller than the horizon would
break up. Hence, in order for galaxies
to form before larger structures, cold
dark matter would have to have been
nonrelativistic by the time the horizon
reached the scale size of galaxies.

Ever since the problems with neutri-
no-dominated theories became clear, a
great deal of effort has gone into the
analysis of cosmology dominated by
cold dark matter, and almost all the re-
sults have been positive. Because den-
sity fluctuations can grow earlier, the
initial fluctuations need not be as large
and so any conflict with the observed
isotropy of the background radiation
is eliminated. Moreover, because cold
dark matter could have clumped on
smaller scales than neutrinos could
have, it might account for the excess
mass in such small structures as dwarf
galaxies.

Detailed analytical and numerical
investigations are most encouraging.
For example, it has been shown that
the presence of cold dark matter in the
early universe could account in detail
for the shape and structure of many
types of galaxies. More generally,
Frenk and George Efstathiou of Cam-
bridge, along with Davis and White,
have shown numerically that cluster-
ing on large scales in a universe domi-
nated by cold dark matter can match
well with most of the observed fea-
tures of the actual clustering.

There is still at least one obsta-
cle that apparently prevents complete
agreement between theory and obser-
vation if the universe is exactly closed
and dominated by cold dark matter:
Where is the matter? Apparently it can
cluster readily on galactic scales, but,
as I have described, there is no evi-
dence for a critical density on such
scales. One solution to the problem is
to assume that galaxies themselves are
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not good indicators of where most of
the high concentrations of mass are:
that much of the cold dark matter lies
in regions uncorrelated with the lo-
cations of these luminous systems. It
could well be that galaxies represent
statistically rare events, and that most
of the mass in the universe has not ever
condensed to form galaxies. Examin-
ing the clustering of galaxies would
then give a biased value for the actu-
al mass density of the universe. The
implications of this proposal have
been studied in detail, and it appears to
lead to scenarios that agree well with
most aspects of the observed cluster-
ing (with some notable exceptions).
Moreover, current work by Frenk and
his collaborators suggests that scenari-
os in which galaxies are statistically
rare might arise more naturally from
gravitational clustering than had pre-
viously been supposed.

he cold-dark-matter hypothesis

has forged a strong link between
particle physics and cosmology. At a
time when cosmologists were deciding
some form of cold dark matter was
necessary, high-energy physicists were
independently proposing the possible
existence of new, exotic particles with-
in the framework of various unified
theories. As it happens, several of the
particles proposed to fill theoretical
gaps in high-energy physics could also
serve quite naturally as the cosmolo-
gists’ cold dark matter. These particles
have the disadvantage that they have
not been observed; unlike neutrinos,
they are at this point merely theoreti-
cal constructs. Nevertheless, they have
the virtue that their existence was pro-
posed independently from cosmolo-
gy: they were suggested as solutions
to quite different problems in particle
theory, and yet each of them, for en-
tirely different reasons, could act as
cold dark matter.

Among the most attractive candi-
dates on the market today are particles
called axions. The existence of axions
follows naturally from a theoretical
approach developed to explain a spe-
cial relation that links, in the theory
of strong interactions between quarks,
the two kinds of symmetry known as
charge conjugation and parity.

An interaction is said to be sym-
metrical under charge conjugation if
the interaction would “look” the same
were every particle to be replaced by
its antiparticle (which has the opposite
charge). An interaction is symmetrical
under parity if it would look the same
when mirror-reflected. The interac-
tions governed by the strong nuclear
force (the force that binds quarks to-
gether to form protons and neutrons)
appear to be symmetrical to a very

65



NUMERICAL SIMULATIONS of scenarios for the formation of
large-scale structure in the universe suggest the dark matter prob-
ably does not consist of light neutrinos. It may consist of some
kind of cold dark matter: particles that were nonrelativistic in
early times, which could have clumped together under the influ-
ence of gravity earlier than light neutrinos could have. The dia-
grams show how galaxies could cluster in each scenario, assuming
plausible initial conditions; points represent galaxies. In a uni-
verse filled with enough light neutrinos to account for all the dark
matter (a, b), clustering on large scales would be more well de-
fined than is indicated by actual observations (c). The observa-
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tions are matched much better in a universe that was dominated
by cold dark matter as it formed (d, ¢). In the dark-matter scenar-
ios shown, the universe contains only about 20 percent of the mass
needed to make it flat. Simulations in which the universe contains
enough mass to be flat do not match the observations well if galax-
ies trace the dominant mass distribution in the universe. If galax-
ies do not trace the dominant distribution, simulations of cold
dark matter agree well with the observed large-scale structure.
The simulations were done by Marc Davis of the University of
California at Berkeley, George Efstathiou and Carlos S. Frenk of
Cambridge and Simon D. M. White of the University of Arizona.
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high degree under a special combina-
tion of charge conjugation and parity:
the interactions look much the same if
all the particles are replaced with their
antiparticles and the entire interaction
is mirror-reflected. Theoretically this
special combination of symmetries
need not hold true. The equations gov-
erning the strong interactions include
several terms that could in principle
grossly violate the combination of
symmetries.

In 1977 Roberto D. Peccei and Hel-
en R. Quinn, then both at Stanford
University, suggested a way to explain
why the combination of symmetries is
obeyed so well. Their solution was to
introduce a new kind of symmetry—a
relation between the forms of different
fundamental forces that is manifest at
sufficiently high energies but is broken
at low energies. It was later pointed
out by Frank Wilczek, now at the Uni-
versity of California at Santa Barbara,
and Steven Weinberg of the University
of Texas at Austin that the fact that the
Peccei-Quinn symmetry breaks indi-
cates the existence of a new, very light
particle. The new particle is the axion.
Much recent theoretical work has re-
fined the original mode! and increased
the temperature at which the Peccei-
Quinn symmetry is expected to be bro-
ken. One of the big surprises to result is
that, because the existence of axions
depends on symmetry breaking, an ax-
ion “background field” might form in
the universe, much as a background
electric field would exist if the uni-
verse were not charge-symmetric (that
is, if it did not contain equal numbers
of positive and negative charges). Al-
though axions are themselves very
light, calculations show that the back-
ground field as a whole could clump in
much the same way as heavier, nonrel-
ativistic particles would, making the
background field an ideal candidate
for dark matter.

Another candidate for cold dark
matter comes from the theoretical
framework known as supersymmetry.
In the theory of supersymmetry, for
every particle now known there exists
a “supersymmetric partner”: a particle
identical in most respects except spin.
Such particles have not yet been ob-
served in the laboratory, and so they
must have large masses. Simple mod-
els suggest that supersymmetric part-
ners could behave, in their interactions
with normal matter, much like very
heavy neutrinos. The most promising
dark-matter candidate of the super-
symmetric partners is the supersym-
metric partner of the photon, which is
called the photino. Calculations done
by me and by others have shown that
photinos in the mass range of from one
to 50 times the mass of the proton

could naturally have sufficient cosmic
abundance to close the universe today.
Although this proposal has generated
a great deal of excitement recently, I
should note that the models predicting
the existence of photinos lead to other
cosmological predictions that are hard
to reconcile with observations.

A final candidate, related to the
hit parade of cold-dark-matter candi-
dates, is not a particle at all. It is a
structure called a cosmic string. Cos-
mic strings are extended topological
defects that might have arisen from
symmetry breaking in the early uni-
verse. They would take the form of
long, thin tubes of constant and very
great energy density winding through
the universe. Much work has gone into
showing that cosmic strings could
have evolved in such a way that their
total energy density would be less than
that required to close the universe.
Nevertheless, in a universe dominated
by cold dark matter and containing
strings, the mechanism of galaxy for-
mation, although it is quite different
from mechanisms in standard cold-
dark-matter models, might still lead to
clustering that matched observations.

hat makes all these dark-matter

candidates so intriguing at pres-
ent is the prospect that each of them
may well be detected, directly or indi-
rectly, in the near future. Experiments
are possible that would rule out or,
what is more significant, confirm vari-
ous ones of the hypotheses. A positive
result in any of these experiments
would yield invaluable information
about the evolution of large-scale
structure in the universe and about the
fundamental structure of matter, and
it might provide a unique mechanism
for probing the sequence of events that
occurred during the first few seconds
of the big-bang explosion itself.

Pierre Sikivie of the University of
Florida was the first to point out that
cosmic axions, although they interact
with other matter extremely weakly,
might be detected in microwave cavi-
ties (cavities in which electromagnetic
radiation in microwave frequencies
resonates). A background field of
axions oscillating together might pro-
duce electromagnetic radiation that
could in principle be detected in a mi-
crowave device. Wilczek, John Moody
of the University of California at San-
ta Barbara, Donald E. Morris of the
Lawrence Berkeley Laboratory and
I have investigated this detection
scheme in detail and have proposed
refinements and alternative schemes.
The sensitivity necessary to detect cos-
mic axions appears to be near the limit
of modern technology, although the
technology itself is improving rapidly.
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Heavy dark-matter candidates, such
as photinos, might be detected in sev-
eral ways. Recently I suggested, as sev-
eral other workers did independently,
that heavy dark-matter candidates in
the galactic halo could be captured in
the cores of the sun and the earth,
where they would accumulate. There,
as later calculations have shown, they
could collide with their antiparticles
(which could also be captured) in anni-
hilation reactions that could produce
light neutrinos. The light neutrinos
might then escape from the sun’s or
the earth’s core and be measured in
large underground detectors. The de-
gree to which such a flux of light neu-
trinos has not yet been observed puts
limits on the masses and densities of
heavy dark-matter candidates.

Recently it has been pointed out that
heavy dark-matter particles might also
be detected directly by devices that are
sensitive to very small deposits of en-
ergy in very large volumes of material.
A variety of new detectors of this type
have recently been proposed. One de-
vice, put forward by Blas Cabrera of
Stanford, Wilczek and me, is designed
to measure a small increase in the tem-
perature of a large sample of ultracold
silicon or of another pure crystalline
material. The increase in temperature
would occur when sound waves, pro-
duced by impinging dark-matter parti-
cles, scattered and randomized. Work
by Cabrera, Barbara Neuhauser and
Jeffrey C. Martoff at Stanford sug-
gests that the sound waves themselves
could perhaps be detected directly [see
illustration on next page).

Even cosmic strings may soon be
detectable, either by their direct grav-
itational effects on the light from dis-
tant quasars and the microwave back-
ground (concentrations of energy as
dense as cosmic strings should create
gravitational fields that would bend
light appreciably) or indirectly by
measurement of the gravity waves or
other radiation they should emit as
they evolve.

he solution of the dark-matter

question could have broad effects
on many areas of physics and astron-
omy. At stake are fundamental no-
tions about both cosmology and parti-
cle physics, and it is fitting that each
field—often by provoking active de-
bate in the other—has played an im-
portant role in the symbiotic evolution
of this area of research.

It is important to recognize, howev-
er, that cosmology is in many ways in
its infancy. There are comparatively
few experimental and observational
data available for theorists to work
with, and so dramatic changes in the
field are possible and much of the
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standard wisdom may be in error. The
point is well illustrated by several new
results that arose as this article was be-
ing written, any of which may have a
profound effect on the field.

One new observational result is
found in the preliminary analysis of a
deep-sky survey being made by Mar-
garet J. Geller, John P. Huchra and
their collaborators at the Harvard-
Smithsonian Astrophysical Observa-
tory. It seems that nearby galaxies are
clustered in filmlike surfaces that sur-
round nearly spherical voids—a struc-
ture resembling that of soapsuds or
foam bubbles. This remarkable obser-

vation, which could completely revise
cosmologists’ picture of large-scale
structure, suggests that forces other
than those of gravity are perhaps at
work in determining the present-day
large-scale structure.

In another new development, work
done independently by Tremaine (now
at the Canadian Institute of Theoreti-
cal Astrophysics) and J. Anthony Ty-
son of AT&T Bell Laboratories sug-
gests that galactic rotation curves may
not be flat indefinitely but rather may
drop off at radiuses beyond about 30
kiloparsecs. The work implies that
whatever makes up the dark matter

may interact more strongly with nor-
mal matter than the cold dark matter
would be expected to.

Finally, recent data on the motions
with respect to the microwave back-
ground of very large-scale regions of
matter have provided evidence that
these regions are moving, together,
with an extremely large drift velocity.
No current theory of large-scale struc-
ture can explain this apparent phe-
nomenon. New measurements such as
these, as well as the possibility of de-
tecting the dark matter itself, may
soon revolutionize the accepted pic-
ture of the universe.
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DETECTION DEVICES for dark-matter particles might be made
of very pure silicon crystals cooled to within one degree of abso-
lute zero. Such crystals could react measurably to extremely small
deposits of energy. In one class of possible detectors, when an
impinging dark-matter particle scatters off the nucleus of a silicon
atom (1), it causes a set of phonons, or sound waves, to spread
throughout the material (2). Phonons arriving at the silicon’s sur-
face will have a distinctive pattern (3), which will depend on the
location and intensity of the original collision. One detector con-
figuration might detect individual phonons in the pattern as they
impinge on the surface of the crystal. To do so the silicon could be
overlaid with strips made of two layers of superconducting alumi-
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num sandwiching a layer of aluminum oxide (3a). In superconduc-
tors electrons are bound together in pairs called Cooper pairs. An
incoming phonon might break apart a Cooper pair, and if the alu-
minum layers are kept at different voltages, the freed electrons
might “tunnel” from one aluminum layer to the other, forming an
electric current (3b). Alternatively, investigators could measure
the rise in the temperature of the silicon after the initial energetic
phonons had dissipated into a uniform background of random
thermal vibrations (4). Then the detector could consist of a thin
film of a material whose electrical resistance increases sharply
with temperature (4a). A change in the temperature of the sample
as a whole (4b) could be determined from the change in resistance.
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The Pressure Extrap olation

Modern automotive catalytic converters contain vhodium which promotes
chemical reactions to remove pollutants from a car’s exhaust. Scientists at
the General Motors Research Laboratories have recently made discoveries
about one such chemical reaction, the reaction between nitric oxide and
carbon monoxide, pointing the way toward new or improved catalysts.
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Figure 1: Rate comparisons for the NO-CO reac-
tion. Measured data over single crystal Rh(111)
(solid red line) and over supported Rh (blue line);
model predictions (dotted red line).

Figure 2: Schematic representation of the ele-
mentary intermediate steps for the NO-CO
reaction.

MOST FUNDAMENTAL cat-
alytic studies using surface
science techniques require an ultra-
high vacuum environment (10-13
atm). They are best suited for
studying well characterized mate-
rials, such as metal single crystals.
Catalytic reactions of practical
interest, however, involve polycrys-
talline materials, in the form of
small metal particles dispersed on
supports. And they take place at
atmospheric pressures rather than
in an ultrahigh vacuum.

Now Dr. Galen B. Fisher and
Dr. Se H. Oh have demonstrated
how the wealth of chemical infor-
mation obtained from ultrahigh vac-
uum (UHYV) studies of ideal, single-
crystal catalysts can be applied to
the understanding of real-world sys-
tems that have different catalyst
environments and that operate at
much higher pressures.

These researchers concen-

2NO+2C0O—22CO,+N,
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trated their studies on the many
chemical reactions that occur in
modern automotive catalytic con-
verters. One such reaction is the
reduction of nitric oxide (NO) by car-
bon monoxide (CO) over a rhodium
(Rh) catalyst to yield carbon dioxide
(CO,) and nitrogen (N,) (Figure 2).

Dr. Fisher used various sur-
face science spectroscopies in ultra-
high vacuum to study all of the
elementary reactions over a rhodium
single crystal [Rh(111)] that might
be involved in this specific reaction.
Over several years he measured the
rates and determined the activation
energies of each of these reactions.
For most of these reactions, this was
the first time these parameters had
been measured. Based upon these
results, Dr. Fisher hypothesized that
the elementary reactions shown in
Figure 2(a-f) were the significant
steps involved in the NO-CO reac-
tion and that nitrogen recombina-
tion and desorption (Figure 2f) was
the rate-controlling step on Rh(111).

Dr. Fisher and Dr. Oh also
initiated kinetic studies of this reac-
tion at realistic reactant partial pres-
sures and temperatures using two
different catalysts—one was a rho-
diumsinglecrystal[Rh(111)],and the
other consisted of rhodium particles
supported on alumina [Rh/ALQ,].
The rhodium concentrations on the
support were similar to those used
in an automotive catalytic converter.
The studies with the single crystal
at realistic, high pressures were done
in collaboration with Dr. D. Wayne
Goodman of Sandia National
Laboratories.

At the same time, Dr. Oh
devised a mathematical model for
this reaction. The model consists
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of steady-state conservation equa-
tions for the surface species, based
on the reaction mechanism and the
rate expressions for the individual
reaction steps determined in Dr.
Fisher’s UHV studies. Overall reac-
tion rates could then be computed
from the surface concentrations sat-
isfying the conservation equations.
The reaction rates predicted by this
model, which depend only on reac-
tant partial pressures, are shown in
Figure 1 (dotted red line).

The kinetics of the NO-CO
reaction measured over a rhodium
single crystal using realistic reac-
tant partial pressures are shown in
Figure 1 (solid red line). The agree-
ment with the model predictions
indicates that Drs. Fisher and Oh
had correctly identified all of the
intermediate reaction steps and con-
firms that, in this case, nitrogen
recombination and desorption (Fig-
ure 2f) is the rate-controlling step
on Rh(111). The fact that the agree-
ment is so good also indicates that
the rates of the elementary reactions
measured under UHV conditions are
still valid at realistic reactant par-
tial pressures—a pressure extrapo-
lation of more than ten orders of
magnitude.

THE KINETICS of the NO-CO
reaction measured over the
supported rhodium catalyst (Fig-
ure 1, blue line), however, were
much slower than predicted by the
model. In addition, infrared stud-
ies have shown that NO is the pre-
dominant surface species on the
catalyst, suggesting that in this case
NO dissociation (Figure 2c¢) is the
rate-controlling step. In fact, if the

rate constant for NO dissociation
measured under UHV conditions
and used in the model is reduced
by a factor of 2000, the kinetics of
the NO-CO reaction measured over
the supported rhodium catalyst are
correctly predicted.

The difference between the
kinetics of the NO-CO reaction mea-
sured over a rhodium single crystal
and the kinetics measured over sup-
ported rhodium shows that this reac-
tion depends on the environment
of the rhodium in the catalyst. The
reaction model strongly suggests
that the NO dissociation reaction is
the reaction step most sensitive to
the rhodium environment.

“While our reaction model can-
not tell us why NO dissociation
is slower on supported rhodium,
observes Dr. Oh, “it can help iden-
tify the kinds of studies necessary
to clarify the origins of such sensi-
tivity” Comparative kinetic studies
can also provide useful insights for
developing improved NO reduction
catalysts. “Our studies have already
told us,” adds Dr. Fisher, “that one
possible path to improving
automobile catalysts is to make
modifications that increase the NO
dissociation rate”

General Motors

THE
MEN
BEHIND
THE
WORK

Dr. Galen B. Fisher (left) and Dr.
Se H. Oh are both Group Leaders in
the Physical Chemistry Department
at the General Motors Research
Laboratories.

Dr. Fisher holds the title of
Senior Staff Research Scientist,
and heads the Surface Chemistry
and Corrosion Science Group. He
attended Pomona College as an
undergraduate and received his
graduate degrees from Stanford Uni-
versity in Applied Physics. Before
coming to General Motors in 1978,
he did post-doctoral studies at
Brown University and worked at the
National Bureau of Standards. Since
then, his research has been involved
with surface science studies of vari-
ous catalytic reactions.

Dr. Oh is a Senior Staff
Research Engineer, heading the Cat-
alytic Kinetics Group. He received
his undergraduate degree from Seoul
National University and holds a doc-
torate in Chemical Engineering from
the University of Illinois. Dr. Oh did
post-doctoral work at the University
of Toronto prior to joining GM
in 1976. Since then, he has been
involved in measuring and model-
ing the kinetics of catalytic reactions.
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SCIENCE AND THE CITIZEN

Soviet SDIphobia

n the weeks preceding the Reyk-
I javik summit meeting as in the
weeks that followed, the leader-
ship of the Soviet Union made it clear
that the dramatic reductions in strate-
gic weapons they proposed were in-
trinsically dependent on restraint of
the Strategic Defense Initiative. Why
would Mikhail S. Gorbachev and his
colleagues establish as a sine qua non
concessions in the development of a
defense they have publicly declared to
be completely ineffective? Does the
fear actually lurk in the Kremlin (as
sDI proponents suggest) that the pro-
gram could evolve into an impenetra-
ble shield? Sovietologists and defense
experts think there are several more
plausible reasons for the Soviet Union
to have taken its anti-spi1 position, all
consistent with the belief that a space-
based, virtually leakproof defense
against nuclear weapons is unlikely
ever to result from the spI.
First, the Soviets could derive obvi-

ous political and propaganda benefits
by highlighting their apparent efforts
to prevent any new turn in the arms
race. Harold Brown, Secretary of De-
fense in the Carter Administration,
sees the Soviet position as an attempt
to sow division in Washington and Eu-
rope by promoting controversy over
trading the spi1 bird in the bush for tan-
gible cuts in strategic weaponry.

Soviet spokesmen may also believe
that a portrayal of President Reagan’s
spI plans as torpedoing Soviet arms-
control initiatives could play well on
the global stage. Eric Stubbs, an ana-
lyst for the Council on Economic Pri-
orities, has pointed out that “the state-
ments associated with [the U.S.S.R.’s]
case against sDI occasionally carry the
distinct flavor of a public relations
campaign.”

A more material reason, voiced by
the Soviets themselves, for opposing
the deployment of a strategic defense
is that even a mediocre defense can
be a militarily useful complement to a
first-strike strategic force. An Ameri-

ION ACCELERATOR, developed at the Los Alamos National Laboratory, could be a
component of a neutral-particle-beam device. Although such devices are studied under the
Strategic Defense Initiative, whose stated purpose is to determine the feasibility of a
defensive system, the U.S.S.R. may fear that they could also serve as offensive weapons.
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can space shield may be just effective
enough to hinder a ragged retaliatory
attack—in effect nullifying the Soviet
assured-destruction deterrent.

“I think the argument is somewhat
overdrawn,” Stubbs observes. “It as-
sumes that the U.S. would be willing to
take the enormous risks involved in ex-
ecuting a first strike and that the U.S.
could, in fact, pull it off; both are ques-
tionable assumptions.” Brown none-
theless thinks the Soviets “do worry to
some degree about this question” be-
cause ‘““a strategic defense—whatever
its effectiveness—will work better as
part of a first strike.”

Another important reason for the
Soviets’ stance, which they do not ac-
knowledge publicly, is the fear that the
spI will create new realms of combat
in which U.S. technology would—at
least initially—have the edge. Marshall
Goldman, associate director of Har-
vard University’s Russian Research
Center, says: “The Soviets have enor-
mous respect for U.S. technology—
probably more than Americans them-
selves.” In this context it is not the sDI's
ostensible goal of an extensive ballis-
tic-missile defense that most worries
the Soviets but the application of
space-based spI technologies for of-
fense—directed at satellites in space or
even at targets on the ground. As Da-
vid L. Aaron, former deputy national
security adviser, says: “The first fruit
sDI is going to yield will be antisatellite
weapons. The Soviets are genuinely
worried about the near-term advan-
tage the U.S. could gain.”

Indeed, the technological applica-
tions most feared by the Soviets may
be those related to conventional war-
fare. “They are afraid we would make
advances in emerging technologies for
conventional uses, where they current-
ly have significant advantages,” says
Raymond L. Garthoff of the Brook-
ings Institution. Goldman supports
such a view by calling attention to the
statements made in 1984 by Marshal
Nikolai V. Ogarkov (before he was de-
moted from his position as chief of the
Soviet general staff). “He criticized the
Soviet military establishment for fall-
ing behind in the technology of con-
ventional weaponry. Ogarkov claimed
that this posed a greater danger to the
Soviet Union than the Western nucle-
ar-weapon threat.”

Brown posits another military ad-
vantage the Soviets are averse to los-
ing: “They realize that spi1 could yield
a system that protects the hardened si-
los of 1IcBM’s. The Soviets can currently
destroy our fixed, land-based missiles,
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IN TECHNOLOGY ALONE, BUT IN THE ABILITY TO MANAGE IT.

Remote Access. Business
Nicety? Or Basic Necessity?

In today's competitive
business climate, providing 24-
hour access to information or
ordering systems can very
well be the difference between
closed for the night, and closing
the deal.

At Bell Atlantic, we open
new doors in communications.
And providing business with
the technologies that can help
it compete, like our public data
network, is just the beginning.
In the end, what sets us apartis
our genius for managing these
technologies to give you that
competitive edge.

For more information about
the Bell Atlantic companies,
call toll-free 1-800-621-9900,
Monday through Friday, 8:30
to 5:00 EST.

@)
Bell Atlantic

WE MAKE TECHNOLOGY WORK FOR YOU.
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a one-centimeter movement of the earth’s crust technology: Bendix laser
can sometimes be illuminating. ranging, for NASA's laser tracking
network. beamed from earth to

L satellite, lasers measure earth’s
“I_ed crust movements as little as one
lgnal centimeter, over a 3,000 mile

Technologies range. from Allied-Signal.
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benefit: helps scientists gather
data to find a way to predict
natural disasters such as earth-
quakes, volcanic eruptions, and
tidal waves.

future: laser-ranging observa-
tions will be used in an increasing
number of countries around the

world.
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Bendix laser ranging. one of
Allied-Signal’s advanced
technologies—focused on
aerospace, electronics, automotive

products,and engineered materials.
for facts, call 1-800-243-8160.




and that is an edge they would like to
keep. One way to keep that relative
edge is to avoid any defense of ICBM’s.”

Finally and probably most impor-
tant are the direct and indirect costs
the U.S.S.R. would have to pay in re-
sponding—througheitheremulation or
countermeasures—to an American de-
ployment of a strategic defense. “The
U.S.S.R. could not allow the US. to
proceed unilaterally in the research
and development of such a system,”
Brown points out. Aaron sees the Sovi-
et Union setting up its own emulative
sDI program ‘because they would
want to demonstrate to the world—as
they did with Sputnik—that their tech-
nology is capable of such things.” In
any event, Brown says, ‘it would be
prudent for the Soviets to mount a
comparable R&D program simply to
guard against any technological break-
through that just might come out of
the spI1 program.”

“No doubt, in addition to whatever
else they are doing,” observes Brown,
“they will increase their offensive
forces.” Such a move would be an ef-
fective countermeasure since an ex-
pansion of the number of nuclear war-
heads and missiles would overwhelm
whatever defense the U.S. may place
in space. Although Stubbs has calcu-
lated that a doubling of the number of
1cBM warheads could be accomplished
for less than a tenth of the cost of de-
ploying a space-based defense system,
“it still is less costly to prevent sDI in
the first place.”

Indeed, the diversion of scarce tech-
nological resources from civilian to
military industry in order to engage in
such a round of military competition,

according to Goldman, would mean
that the U.S.S.R. would have to “abort
its effort to revamp its economy.”
Nevertheless, there is almost universal
acceptance among observers of the sit-
uation that the Soviet Union would
take up the challenge if the sp1 gaunt-
let is thrown down by the U.S.

Next Stop: Mars

Aconsensus seems to be growing
within the community of plane-
tary scientists that the exploration of
Mars should be made a focus of the
nation’s space program. Some power-
ful voices from within this part of the
science establishment are already urg-
ing that humans go along for the ride.

A number of factors make Mars an
attractive goal. Mars is an earthlike
planet where huge mountains formed
(Olympus Mons at 90,000 feet is some
61,000 feet higher than Mount Ever-
est) and volcanoes were once active.
An understanding of these phenomena
would shed light on the geologic his-
tory of the earth. Mars was once wet
and warm rather than cold and dry.
It has daily and seasonal weather
changes. Apart from satisfying intrin-
sic curiosity, an understanding of these
phenomena could result in better cli-
mate and weather forecasting for the
earth. An additional spur is that the
U.S.S.R. plans to explore Mars, begin-
ning with an unmanned orbital recon-
naissance in 1989.

But why send people? Bruce C.
Murray of the California Institute of
Technology argues that manned mis-
sions ‘“reap enormous political re-
wards: domestic popularity and a

SUNSET ON MARS was photographed in 1976 by Viking I. Further exploration of the
planet is being urged by many planetary scientists. Some propose manned missions;
others favor ‘“‘smart” roving vehicles. (NAsa photograph from Photo Researchers, Inc.)
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unique kind of international prestige.”
He does not see the Challenger disaster
as fatal to the domestic popularity of
manned space exploration because the
shuttle program lost its focus and
wound up “putting man in a loop
where he wasn’t appropriate.”

Gerald J. Wasserburg of Caltech
argues for unmanned exploration by
“smart” roving vehicles that could ob-
tain samples of the Martian surface
and reinvestigate areas shown by the
samples to be of particular interest. He
envisions a cooperative effort with the
U.S.S.R. that would also explore and
return samples from Venus and a com-
et. In his view manned exploration of
Mars should be a long-term goal for
which a sound scientific footing would
be laid by the unmanned explorations.

Carl Sagan of Cornell University,
who is president of the Planetary So-
ciety, also proposes that unmanned
“smart” roving vehicles explore Mars
for several years. His program would
culminate in a joint manned mission to
the planet by the U.S. and the U.S.S.R.
Sagan says manned exploration is
“hugely more expensive” than explo-
ration by semiautonomous rovers and
can be justified only by “a reason be-
yond science.” For Sagan, Murray and
others the ulterior motive is to take a
major step toward world peace.

S. Fred Singer of the University of
Virginia (on leave at George Mason
University) and several other space
scientists propose the establishment of
a manned station on the Martian satel-
lite Deimos. From Deimos the astro-
nauts would dispatch dozens of un-
manned roving vehicles to Mars to
explore its planetary and climatic
history, to search for evidence of past
or present life and to return samples to
a laboratory on Deimos. Singer, who
states the case for the venture in Policy
Review, asserts that deciding on the
project now would “excite the popular
imagination” and focus the activities
of the space program for the next 10
or 20 years.

One element of the reasoning under-
lying the proposal is that because of
Deimos’ relatively weak gravitational
field a manned mission to that moon
would be cheaper than a manned mis-
sion to Mars and safer for the astro-
nauts. Another element is that the mis-
sion would yield more information
about the planet than a few unmanned
rovers directed from the earth. Plane-
tary rovers from the earth would have
to be complex, heavy and limited in
the number of places they could visit
and revisit; samples would have to be
sent all the way back to the earth.

It remains to be seen what will come
of the various proposals. The National
Commission on Space, established by



SCIENCE_~SCOPE*

Advanced spacecraft and military electronics will be made more effective by cooling devices called
heat pipes. These devices, which have no moving parts, can improve the performance, reliability, life
and cost-effectiveness of computers, signal processors, communications devices, and other equipment.
A heat pipe basically is a sealed container with a small amount of fluid (usually water, methanol, or
ammonia) and a capillary-wick structure inside. In operation, the fluid vaporizes within the heat pipe
at its hot end. The vapor travels to the cool end where it condenses and releases its heat. Then, the
capillary-wick structure serves as a pump that transfers the condensed liquid back to the hot end of the
heat pipe to begin the cycle again. The U.S. Navy has awarded a contract to Hughes Aircraft Company
to develop manufacturing technology for heat pipe assemblies for printed wiring boards.

A new launcher for AMRA AM and Sidewinder missiles will add commonality to U.S. Air Force and
Navy fighters, thus helping to reduce procurement and maintenance costs. The rail launcher uses
common modules to allow an interchange of parts between launchers on different aircraft. Hughes is
building more than 600 launchers for Air Force F-15 and F-16 aircraft. Eventually the launchers will be
installed on the Navy’s F-14 and F/A-18 aircraft. In addition, preliminary work is under way to adapt
the launchers to Britain’s Tornados and Sea Harriers.

The Australian Army will use a radar simulator to train operators and maintenance personnel on the
AN/TPQ-36 Firefinder weapon locating radar. The trainer, designed by Hughes and built by British
Aerospace Australia, is a computerized system that trains personnel without using either the
production radar or live artillery fire. The radar itself pinpoints the position of enemy mortar, artillery,
and rocket launchers. It rapidly scans the horizon with a pencil-thin beam, forming an electronic
curtain across the battlefield. After detecting incoming projectiles, the system backplots their
trajectories and passes the data to friendly forces for counterfire.

Lasers will help halve the cost of inspecting metal parts for fighter aircraft radars when a new
manufacturing technique goes into effect at Hughes. Advanced optics technology will be used to
inspect newly fabricated radar antenna plates in three dimensions. Besides lowering costs, the process
will reduce errors. The project is part of an Industrial Modernization Incentive Program (IMIP)
awarded by the U.S. Navy and Air Force to help create the electronics factory of the future. IMIP is a
share-the-savings concept that will reduce costs of the F-14, F-15, and F/A-18 Hornet Strike Fighter
radar programs by more than $10 million, while improving the quality and reliability of the sytems.

Hughes needs college graduates with degrees in EE, ME, physics, computer science, and electronics
technology. To find out how to become involved in any one of the 1,500 high-technology projects,
ranging from submicron microelectronics to advanced large-scale electronics systems, contact
Corporate College Relations Office, Hughes Aircraft Company, Dept. S2, C1/C128, P.O. Box 45066,
Los Angeles, CA 90045-0066. Equal opportunity employer. U.S. citizenship required.

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068
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The quality is readily apparent.
The comfort and convenience
are pure Cadillac. Yet the 1987
Eldorado delivers an added
dimension, the exhilaration of
commanding a luxury car that
loves the road. As you settle
comfortably behind the wheel,
you note that everything is
close at hand, ready for you to
take control. Cadillac conve-
nience features let you know
you're driving a special per-
sonal coupe. A coupe backed
by a new longer limited
warranty.

This Cadillac takes your driving
pleasure very seriously.

The power of a transverse-
mounted, fuel-injected V8 with
the fraction of front-wheel drive.
The controlled ride of four-
wheel independent suspension
with Electronic Level Control,
The assurance of four-wheel
disc brakes. And the response of
power-assisted rack-and-pinion
steering. All of these make
Eldorado a frue driver’s

luxury car.

‘In some cases, a deductible applies. See your dealer for details.
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The Driving o

A personal environment
designed around you.

Adjust the leather-wrapped tilt-
and-telescope steering wheel.
Position the six-way power driver
seat. Set the power rearview
mirrors, This Cadillac is designed
to accommodate your indi-
viduality while it encourages
and rewards driver involvement.
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Technology that enhances your
control.

Eldorado acknowledges that
information translates into driver
control and confidence. Within
its available American walnut
instrument panel, an advanced
multi-function Driver Information
Center monitors everything
from engine rpm to the outside
temperature.

The confidence you feel
behind the wheel is also aided
by Eldorado’s sleek aerody-
namic styling, which contributes
to remarkable road stability.

Technology that enhances your
convenience.

Of course, Eldorado has all the
comfort and conveniences that
make a Cadillac a Cadillac. But
this Eldorado uses leading-edge
technology to further enhance
these Cadillac hallmarks.
Witness the sun-load sensor
that measures the amount of
sunlight entering the passenger
compartment and then auto-
matically instructs the Electronic
Climate Control to adjust itself.

Eldorado’s new 5-year/50,000-
mile limited warranty.

Another word for a company’s
confidence in its product’s qual-
ity is warranty. And another word
for quality is Cadillac. Eldorado
is backed by a new longer
5-year/50,000-mile limited
warranty’

Your Cadillac dealer invites
you to experience the joy of
the open road in Eldorado, the
driving spirit of Cadillac.

LET'S GET IT TOGETHER...BUCKLE UP. @

© 1986 SCIENTIFIC AMERICAN, INC



Congress in 1984, recently listed the
exploration of Mars as one of several
space projects the US. might under-
take. The Reagan Administration is
now considering its response (which
the 1984 law requires it to make) to the
commission’s report.

Yellow Rain: A Few More Drops

Canadian findings that came to light
earlier this year concerning the al-
leged use of tricothecene toxins as a
biological weapon in Southeast Asia
have been said by Matthew Meselson
of Harvard University and other in-
vestigators to deliver a serious blow to
the credibility of such charges. In the
September “Science and the Citizen”
an item reporting these developments
got the critics’ conclusion right but the
Canadian government’s facts wrong.
Here, from Ottawa and for the rec-
ord, are the facts. The Canadian gov-
ernment conducted two studies, one in
1982 and the other in 1984. In 1982
physicians from the Department of
National Defence were collecting epi-
demiological data on the military use
of tricothecenes. Learning of a possi-
ble attack, they gathered such samples
from the area as leaves, scrapings tak-
en from dwellings and physiological
specimens taken from individuals. The
material was then dispatched to the
Defence Research Establishment Ot-
tawa (DREO). Establishment officials
had the samples screened at govern-
ment laboratories for tricothecenes.
“No amounts of tricothecenes,” ac-
cording to the DREO final report, “that
were significantly greater than those
reported world-wide on stored cereal
crops were found in any of the natural-
ly-occurring materials although the
conditions of collection and transport
of samples from Southeast Asia to
Canada do not preclude there having

been higher levels present at the time -

of sampling.”

A plastic bag given by a villager to
the Canadian investigators did show
relatively high levels of tricothecenes.
“However,” the report says, “the au-
thenticity of the source of the bag can-
not be verified as it was not collected
by the Canadian team.”

All the physiological samples gath-
ered by the investigators showed no
tricothecenes down to levels of 100
parts per billion.

In 1984 another Canadian agency,
the Department of External Affairs,
collected 270 blood samples in South-
east Asia from areas that had not been
exposed to attack. According to a de-
partment official, a few of the individ-
uals from whom samples were taken
said they had been exposed to “yellow
rain.” All the samples were analyzed
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by workers in a government labora-
tory. Five of the 270 blood samples
showed small quantities of tricothe-
cenes above a level of one part per bil-
lion; none of these samples was from a
self-professed attack victim. The few
individuals who reported that they had
been in an attack “a long time before”
showed no traces of the toxins. The
laboratory also analyzed 10 control
samples, some of which had been
spiked with toxin.

Where does this set of facts leave the
debate? That seems to depend on one’s
point of view. Canadian officials who
have been asked for more information
by both journalists and U.S. officials
maintain steadfast neutrality: “We
won’t go beyond what we can say sci-
entifically,” a spokesman stated. Crit-
ics of the Reagan Administration’s
position consider their contention sus-
tained. For its part the Administration
refuses to come in out of the rain.

PHYSICAL SCIENCES
Jumping Jack Flash

Is quantum mechanics a precise de-
scription of the inherently probabi-
listic behavior of individual particles?
Or is it merely a prediction of the sta-
tistical rules that will be followed by
large ensembles of such particles? The
question is hard to answer experimen-
tally because it is extremely difficult
to isolate individual particles or to ob-
serve single quantum “events.” Three
groups have now come as close as is
possible to observing a single occur-
rence of one of the most fundamental
of quantum events: the transition of an
electron from one energy level to an-
otherwithinan atom.

The investigators were Warren Na-
gourney and his colleagues at the Uni-
versity of Washington, Th. Sauter and
his colleagues at the Institute for Ex-
perimental Physics at the University
of Hamburg and James C. Bergquist
and his colleagues at the U.S. National
Bureau of Standards. They all report
their work in Physical Review Letters.
The three groups took essentially the
same approach; the procedure fol-
lowed by the NBs group is a good ex-
ample of the general technique.

The ~Bs workers leaked a small
amount of mercury vapor into a vacu-
um chamber and ionized some of the
mercury atoms (stripped an electron
off each of them, thereby giving them
an electric charge) with an energetic
beam of electrons. They then caught
the ions in an electromagnetic trap
known as a Paul trap, which consists
of a complex arrangement of oscil-
lating electromagnetic fields. They
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cooled them by a method known as la-
ser cooling, in which light is bounced
off ions in order to slow them.

The center of the Paul trap was ex-
posed to a wavelength of light that
caused the ions to fluoresce: each ion
repeatedly absorbed photons and re-
emitted them in different directions,
while its outermost electron jumped
rapidly between the ground state (its
state of lowest energy) and a much
higher, excited state. A fluorescing
atom scatters a beam of light and
stands out in it much as a speck of dust
scatters and stands out in a sunbeam.
The investigators were able to deter-
mine how many ions they had caught
by gauging the intensity of the stimu-
lated fluorescence.

When they found they had caught a
single ion, they continued to bathe it in
the light that stimulated fluorescence,
but they also added a weak beam of
light at a wavelength that could stimu-
late the electron to jump to a state
whose energy is between that of the
ground state and the much higher
state. When the electron is in the inter-
mediate state, it cannot fluoresce. The
mercury electron tends to remain in
the intermediate state for a compara-
tively long time (about a tenth of a sec-
ond, as opposed to the roughly two-
trillionths of a second it remains in the
higher state); during that time it is not
fluorescing and is therefore dark.

Whenever the electron jumped into
the state of intermediate energy, the
ion stopped fluorescing. When the
electron dropped back down again, the
ion resumed fluorescing. The ion thus
acted almost as an indicator light:
it glowed whenever it was cycling be-
tween the ground state and the high
state and remained dark when it was in
the intermediate state.

The ability to detect single quantum
jumps provides physicists with a tiny
but powerful light with which to illu-
minate some of the most fundamental
questions in physics.

How I Wonder What You Are

Eke a well-hit clay pigeon, a recently
discovered celestial object that
was thought to be the first planetlike
body ever sighted has vanished from
the skies. Its disappearance raises
doubt that the body ever existed.

In 1984 Donald W. McCarthy, Jr.,
and Frank J. Low of the University of
Arizona and Ronald G. Probst of the
National Optical Astronomy Obser-
vatories reported finding a planet-
like “brown dwarf” circling the faint
star Van Biesbroeck 8 (VB 8), some
21 light-years from the earth. Brown
dwarfs, which had been postulated
but not observed, are intermediate be-
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tween stars and planets: they are cool-
er, dimmer and less massive than stars
but hotter than planets. Nevertheless,
because the newly discovered body,
named Van Biesbroeck 8B (VB §B),
was not a star and appeared to be in a
planetlike orbit around a star, McCar-
thy and his associates concluded that
the object could be considered a planet
(see “Science and the Citizen,” April,
1985). To observe VB 8B in 1984, the
Arizona group employed speckle in-
terferometry, a technique that com-
bines a series of short exposures into
one image to overcome blurring
caused by the earth’s atmosphere.

In a paper scheduled for publication
in Astrophysics Journal Letters Michael
F. Skrutskie of Cornell University and
William J. Forrest and Mark A. Shure
of the University of Rochester report
that they have not been able to find VB
8B in its expected location. French as-
tronomers who were working at an ob-
servatory in Chile also have failed to
find the planet.

Because speckle interferometry is a
somewhat indirect means of visualiz-
ing celestial objects, Skrutskie, Forrest
and Shure decided to observe VB 8B
more directly, through a sensitive in-
frared array detector mounted on a
three-meter telescope at the National
Aeronautics and Space Administra-
tion’s Infrared Telescope Facility on
Mauna Kea in Hawaii. If VB 8B ex-
isted, the workers say, it should have
shown up clearly in the images pro-
duced by the detector. It did not.

McCarthy agrees that VB 8B is not
now in its expected location. Speckle
interferometry, he says, may have pro-
duced misleading images. On the other
hand, he notes, “no one can rule out
the possibility” that VB 8B has moved
very close to Van Biesbroeck 8 and
hence can no longer be seen. Such
movement could indicate that VB 8B
is both bigger and moving faster than
originally thought and is therefore ac-
tually a low-mass star.

Forrest offers a third explanation.
He suggests that the Arizona group
may actually have sighted a new kind
of nebula, a cloud of gas or small par-
ticles. Forrest and his colleagues did
see a diffuse image that might have
been either a nebula or an artifact of
their technique. Until recently it was
thought that nebulas did not surround
cool, low-mass stars such as VB 8.

Do the new findings mean there are
no brown dwarfs, and no true planets
outside the solar system? Forrest and
his colleagues note that brown dwarfs
have been returned to “the realm of
theoretical speculation,” but Forrest
himself suspects that undiscovered
planets are probably abundant. A
planet outside the solar system, he
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adds, would be very difficult to detect
from the earth because it would be
small, dark and distant.

Red Rovers

f the 10,000 or so meteorites that

have been collected and ana-
lyzed, eight are particularly unusual.
They are so unusual, in fact, that since
1979 some investigators have thought
they might have originated not in as-
teroids, as most meteorites did, but on
the surface of Mars. The problem with
this hypothesis is that the meteorites
have not been subjected to the enor-
mous shocks that would seem to have
been necessary to accelerate them to
Mars’s escape velocity, which is great-
er than five kilometers per second
(about 11,000 miles per hour). John
D. O’)Keefe and Thomas J. Ahrens of
the California Institute of Technology
may have solved the problem by pro-
posing a comparatively gentle mech-
anism that could have ejected pieces
of the Martian surface into interplan-
etary space.

The meteorites are called sNC me-
teorites, after the regions where three
of them were found: Shergotty in In-
dia, Nakhla in Egypt and Chassigny in
France. SNC meteorites consist of rocks
that crystallized about 1.3 billion years
ago; that is much more recent than the
times when asteroids are thought to
have cooled (about 4.5 billion years
ago). The meteorites’ composition and
textureindicate they formed on a plan-
et that has a strong gravitational field.
Many of them have concentrations of
volatile elements consistent with ana-
lyses of the Martian soil, and glassy in-
clusions in the meteorites (which pre-
sumably formed in the extreme heat of
whatever process ejected them from a
parent body) have trapped the noble
gasesargon, krypton, xenon and nitro-
gen in the same relative abundances as
the Viking missions found in the Mar-
tian atmosphere.

The hypothesis that SNC meteorites
originated on Mars runs into trouble
because even though a large body col-
liding directly with the planet’s surface
could have hurled chunks of materi-
al into space, the pieces would have
been completely melted or vaporized
by the shock and would therefore not
resemble SNC meteorites, which are
only very lightly shocked. How, then,
could the sNC meteorites have sepa-
rated from the Martian surface?

Writing in Science, O’Keefe and
Ahrens describe how they devised a
hypothesis that answers the question.
With a high-speed gun, the investi-
gators fired projectiles at samples of
planetary crust and fed the resulting
data into a series of computer models.
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They found that a large object (from .1
to one kilometer in radius) striking the
Martian surface at oblique angles be-
tween 25 and 60 degrees would vapor-
ize large amounts of the object itself
and of the Martian crust and the water
and carbon dioxide vapor trapped in
it, forming a jet of high-velocity gas.
The jet would entrain, or sweep up,
pieces of the crust and blow them be-
yond the planet’s gravitational field,
perhaps melting their outer surfaces.
The fragments would then go into or-
bit around the sun, and a few of them
might cross the earth’s path.

TECHNOLOGY
The Eyes Have It

“Nature provides her creatures
with the best possible systems;
the engineer has to try to implement
them in devices,” said Robert Zinter of
the Institute of Optics at the Universi-
ty of Rochester. Zinter was describing
the source of the concept for a distor-
tion-free, wide-angle optical system he
hasbegun to develop.

A typical wide-angle lens produces
a distorted image because it gathers
light along one optical axis from an ex-
tended scene and focuses it on a plane.
Therefore the parts of the image that
are off-axis, at the edge of the field of
view, are distorted. The result is the
classic “fish eye” effect.

To solve the problem Zinter turned
to a natural model: the compound eye
that has evolved in insects and some
crustaceans. Such an eye consists of
thousands of tiny rodlike lenses known
as ommatidia. Each ommatidium ac-
cepts light from the environment and
focuses it. Because the ommatidia are
aligned so that there is a small angle
between the axes of the lenses, the im-
ages they produce overlap one anoth-
er. And because each ommatidium de-
livers a narrow field of view along its
elongated optical axis, there is very lit-
tle distortion in its image—and in the
composite image derived from the en-
tire array of ommatidia.

In place of ommatidia Zinter em-
ploys optical rods a millimeter in di-
ameter, which he arranges in a hemi-
spherical or fanlike pattern. The rods
are treated by ion diffusion so that
each rod behaves like an ommatidium
and focuses light. Specifically, the in-
dex of refraction in a rod is highest at
the center and decreases radially. As a
result light from a wavefront imping-
ing on the rod at the center has a lower
velocity than light impinging at some
distance from the rod’s center; a wave-
front moving forward along a straight
line therefore becomes convergent and
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focuses to produce an image. Like the
compound eye, a bundle of such fibers
impinging on a hemispherical receptor
produces an image that is virtually
free of distortion.

Zinter has constructed a two-dimen-
sional prototype of his system that has
yielded crude but undistorted images
of a parking lot near the institute. A
fully functional version, he says, could
have applications in robotic manu-
facturing systems, surveillance devices
and target-acquisition devices.

Mother of Necessity

Holography has seemed for years
to epitomize an invention look-
ing for a necessity. The technique,
by which strikingly vivid three-dimen-
sional images can be created, enables
a viewer to inspect a representation
from almost any angle as if it were the
thing itself, standing independently in
real space. To create a hologram an
object (or assemblage of objects) is
bathed in monochromatic light (gener-
ated by a laser); light reflected from
the object mixes at the surface of a
photographic emulsion with a refer-
ence beam. Reinforcement and cancel-
lation between the wavefronts of the
beams create an interference pattern
on the film. When the transparency is
illuminated, the process that created
the interference pattern is reversed and
a three-dimensional image appears.
Although holography has found lim-
ited, hi-tech industrial applications,
more widespread use has eluded it.

A group at the Media Laboratory of
the Massachusetts Institute of Tech-
nology may be on the verge of chang-
ing all that. Under the leadership of
Stephen A. Benton, the team has be-
gun to adapt holography for use as
a form of computer-information dis-
play. Largely supported by funding
from the General Motors Corpora-
tion, Benton and his colleagues have
programmed a computer to create hol-
ographic images of a Camaro; medical
interest in the technique has also led
them to image a pelvic bone.

To create a hologram the computer
stores a list of 10,000 points that de-
fine an object’s entire surface in three
dimensions. By means of projective
geometry the computer then mathe-
matically synthesizes 956 images, each
of which represents a view from a
somewhat different perspective. Each
image, precorrected for distortions it
will be subject to during processing, is
displayed on a television monitor and
then photographed on 35-millimeter
cinematographic film.

After the film has been processed a
laser beam projects each transparency
in turn onto a ground-glass screen.
Light from the image on the screen
mixes with areference beam at the sur-
face of the holographic film. When the
film is illuminated, the hologram (Ca-
maro or pelvic bone) appears, floating
before the viewer.

Benton and his colleagues are at-
tempting to sharpen the images they
produce and increase the speed with
which the system operates. Ultimately

|

COMPUTER-GENERATED HOLOGRAM at M.I.T.’s Media Laboratory displays a
failed artificial hip joint (z0op). The image is generated by illuminating a holographic film
(on the curved plastic screen) from behind with a laser, whose beam is directed by the
curved mirror above the screen. The other images show three views of a car (bottom).
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they hope to replace the cinemato-
graphic film with a liquid-crystal tele-
vision display from which the holo-
gram would be made directly.

Such a system would have a wide
range of applications, according to
Michael A. Teitel, a member of the
group. It would help to reduce sharply
the cost and time required to design an
automobile by eliminating the need
to make clay or wood replicas. Physi-
cians, by feeding CAT-scan data or
other visual information into the sys-
tem, could accurately reconstruct a le-
sion affecting an organ or a bone. Ar-
chitects and city planners could use the
technique to model a structure and
gauge its impact on the appearance of
the surrounding cityscape.

Perhaps someday PAC-men may
even gobble in 3-D.

Superglass

Investigators at the University of
Rochester have found a way to
make the glass employed in many
commercial lasers stronger and more
resistant to cracks than the glass now
in use. Consequently lasers can be
fired at higher repetition rates and run
at a significantly (up to six times)
greater power than is now possible.
Because existing glass, which serves as
a matrix for neodymium and other
compounds that lase, can easily be re-
placed with the new glass, it should be
possible to quickly improve the quali-
ty of existing lasers having applica-
tions in such diverse fields as industrial
machining, ocular surgery and micro-
chip fabrication.

In developing the strengthened glass
the Rochester workers, led by Kath-
leen A. Cerqua and Stephen D. Jacobs,
collaborated closely with Kigre, Inc.,
of Toledo, Ohio, a company that man-
ufactures slabs of laser glass. The
slabs, measuring 160 by 15 by eight
millimeters, contain a large amount of
the element lithium.

The collaborators immersed sam-
ples of the glass in a bath of molten
salt containing atoms of sodium and
potassium. Even though the two ele-
ments are much larger in size than lith-
ium, they have similar chemical prop-
erties. As a result, when a slab is left to
soak in the bath for several days, at-
oms of lithium diffuse from the sur-
face of the glass and are replaced by
sodium and potassium. When they are
squeezed into the small “holes” left
by lithium, the larger atoms create a
compressive layer of stress around
the slab. The layer is typically only
60 micrometers (thousandths of a mil-
limeter) thick, but the compression it
generates is sufficient to hold the slab
together and to prevent cracks from
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traveling through it. Initial tests of the
strengthened glass have been success-
ful, and the development and market-
ing of a commercial product are now
being explored.

BIOLOGICAL SCIENCES
Tags for Destruction

Why do some proteins last as long
as the cells that made them,
whereas others are broken down in
minutes? That the variation in protein
lifetime is crucial to cell function is
clear. Most structural proteins, for ex-
ample, must be long-lived, but regu-
latory proteins undergo rapid swings
in concentration, which implies quick
degradation. Just how the cell singles
out certain proteins for destruction
while sparing others has long been
an enigma. Andreas Bachmair, Daniel
Finley and Alexander Varshavsky of
the Massachusetts Institute of Tech-
nology may have happened on a major
part of the answer: a simple code spec-
ifying protein lifetime.

Writing in Science, the M.I.T. work-
ers tell how they focused at first on
ubiquitin, a mysterious protein that, as
its name implies, is ubiquitous in the
cells of higher organisms. Earlier stud-
ies by Varshavsky and others had indi-
cated that ubiquitin must be coupled
to proteins if they are to be degraded.
To test the possibility that ubiquitin
acts to mark proteins for destruction,
the group combined the gene for ubiq-
uitin with a gene for a bacterial en-
zyme, which served as a test protein,
and introduced the resulting chimeric
gene into yeast cells. The workers ex-
pected the gene would be expressed
as a ubiquitin-containing “fusion pro-
tein”; its lifetime could then be com-
pared with that of the ubiquitin-free
test protein. One of the yeast’s own en-
zymes thwarted the plan by quickly
snipping the ubiquitin from the test
protein.

In an effort to foil the enzyme by
disguising the junction between ubig-
uitin and the test protein, the workers
altered the part of the chimeric gene
coding for a single amino acid (one of
the chemical units of proteins) at the
start of the test protein, next to the
junction. The strategy failed; ubiquitin
was snipped away regardless of the ini-
tial amino acid.

The failed strategy nonetheless had
a felicitous consequence. Newly syn-
thesized proteins always begin with
the amino acid methionine, because
the code for methionine is also the
signal for a cell’s genetic machinery
to start protein synthesis. In living
systems later processing exposes oth-
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er amino acids, but investigators had
never been able to harness the mech-
anisms in the laboratory and vary
the initial amino acid at will. Now,
by in effect using ubiquitin as an ex-
pendable starting sequence, the M.I.T.
group was able todo just that.

The fortuitous new ability unexpect-
edly revealed a code for protein degra-
dation, one in which ubiquitin seems
to have no part. In attempting to de-
ceive the yeast enzyme, the workers
produced versions of the test protein
that had 15 of the 20 amino acids
at their amino terminus, or starting
position. These otherwise identical
proteins varied enormously in their
stability within the yeast cells; their
half-lives ranged from less than three
minutes to more than 20 hours. Each
amino-terminal amino acid was asso-
ciated with a specific half-life, a corre-
lation the authors refer to as the “N
end” (for amino-terminus) rule.

Does the N-end rule hold for other
proteins as well? An examination of
the proteins whose stabilities in living
cells and amino termini are known
suggested it does. Stable proteins in-
variably begin with one of the amino
acids that confer long life under the N-
end rule. The one short-lived intracel-
lular protein for which the amino ter-
minus is known also follows the N-end
rule: it has a half-life of three minutes,
and it begins with the amino acid that
is associated with the shortest half-life.

Executing this remarkably simple
code for protein degradation calls for
complex cellular machinery, in which
ubiquitin is expected to have a role af-
ter all. An unidentified “N-end-read-
ing” enzyme would be needed to ex-
amine amino termini and select pro-
teins for destruction according to the
N-end rule. Other enzymes would then
degrade them. Varshavsky thinks that
even though ubiquitin plays no part in
the code itself, it must be coupled to a
protein that has already been selected
for degradation in order for the actual
breakdown to take place.

Tumor in Recession

By now the concept of an oncogene—
a gene whose malfunction causes
cancer—has become familiar. By and
large, however, the oncogenes report-
ed so far have been dominant: a
change in the gene activates a normal-
ly silent stretch of DNA whose activity
begins the chain of events leading to a
tumor. Yet for some time it has been
hypothesized that there is another type
of oncogene, a recessive oncogene. Its
cancer-causing effects would result
from its being inactivated rather than
being abnormally activated. Stephen
H. Friend of the Whitehead Institute
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for Biomedical Research and his col-
leagues have now isolated the first re-
cessive oncogene, which apparently
causes tumors in eyes and in bone.

The specific tumors Friend and his
co-workers investigated are called reti-
noblastomas and osteosarcomas. Both
are rare. The retinoblastomas gener-
ally appear within the first year of
life and are treatable; the osteosarco-
mas usually appear at puberty and are
more aggressive. Thaddeus P. Dryja of
the Harvard Medical School had al-
ready identified the approximate loca-
tion of the defect that gives rise to
these tumors. It is a small DNA seg-
ment in the band called q14, which is
found on the long arm of human chro-
mosome 13.

Friend, collaborating with Dryja,
Robert A. Weinberg of the Whitehead
Institute (who has done much of the
work on dominant oncogenes) and
others, began assembling a set of DNA
fragments spanning the region Dryja
had identified. When the set of ordered
fragments was matched with the DNA
of tumor cells, it was found that the tu-
mor cells lack variable pieces of DNA
in a section of q14 that now appears to
be the retinoblastoma (Rb) oncogene.
What is more, the tumor cells lack the
RNA message corresponding to the
Rb gene, which suggests the deletions
have indeed inactivated the gene.

How might a recessive cancer gene
work? “This is, of course, all very
speculative,” Friend said, “but if there
is a gene that ordinarily tells the cell to
stop dividing during the process of de-
velopment, and if that gene were inac-
tivated, then instead of coming to the
end of the genetic program and differ-
entiating into a specialized cell type,
as normally happens, the cell might be
left to make a clone of undifferentiat-
ed cells.” Such a clone (a group of
genetically identical cells) is thought
to be the precursor of many types of
tumor. “The normal function of
the gene,” Friend continued, “would
thus be to tell the cells when to stop
dividing.”

And how common will recessive on-
cogenes turn out to be? Friend, whose
results were published in a recent issue
of Nature, was cautious. “I can’t say
that this has any relevance to major
killers such as lung cancer or breast
cancer,” he said, “but its relevance cer-
tainly extends beyond the two tumors
we worked with. There is a group of
tumors that are known to have a fa-
milial predisposition—a pattern of
inheritance similar to that of retino-
blastoma or osteosarcoma—and to in-
volve chromosomal deletions. Among
them are certain subtypes of leukemia
and some solid tumors of children. I
think that, at a minimum, recessive on-



cogenes will turn out to be significant
in this group.”

MEDICINE
Heart Attack

Medical research has entered the
era of the large-scale, high-tech-
nology project. In all areas of research
such projects are attended by certain
crucial questions: Who should decide
whether or not a program is to be
funded? How should its progress be
measured and the benefits evaluated?
In medicine ethical questions come up
as well: What kinds of experimenta-
tion on human beings should be done
and when? Are there programs that
would be more cost-effective in im-
proving the health of the nation as a
whole? To what degree should private
companies be allowed proprietary
benefit from projects initiated and sus-
tained by Federal funding? Writing
in Medical Heritage, Barton J. Bern-
stein, a historian at Stanford Univer-
sity, argues that the history of the
program to develop an artificial heart
illustrates how such questions should
not be answered.

The Government’s decisions to fund
and continue the project, Bernstein
writes, have been based on highly
overoptimistic recommendations sub-
mitted by committees made up largely
of biomedical “insiders” rather than
on the basis of open public dialogue.
The committees assumed that techno-
logical solutions could be applied to
extremely difficult problems, many of
which remain unsolved more than 20
years later, and relied on “rough gues-
ses” to estimate the number of people
who could be helped by an artificial
heart and to project its final cost.

Bernstein states the committees paid
limited attention to issues that cannot
be quantified, such as the legal and
ethical implications of artificial hearts
and the quality of life recipients could
anticipate: apart from physical incon-
venience, there was the likelihood that
psychological readjustment to family
and work would be hard. (Bernstein
notes that the incidence of suicide
among dialysis patients is roughly sev-
en times the normal rate.)

Bernstein also criticizes the program
on the basis of its cost. He points out
that the care and treatment of Barney
Clark, the first patient to receive an ar-
tificial heart with the approval of the
Food and Drug Administration, cost
more than $250,000, and that it would
have been more expensive if doctors
had not waived many of their fees. In
1985 an advisory panel of the Nation-
al Heart, Lung, and Blood Institute es-

timated that the average cost to each
artificial-heart recipient will eventual-
ly be about $150,000. Who will pay
these costs? What will be the effect on
the medical economy? Bernstein also
suggests that dollar for dollar more
benefit might have been gained by a
large-scale promotion of preventive
medicine (such as an antismoking
campaign) than was gained by the
large amounts of Federal money spent
on artificial-heart research.

Bernstein’s exploration of history
has raised some contemporary hack-
les. When asked about the cost of the
artificial heart, William C. DeVries,
the surgeon who implanted Clark’s
heart and who has since been hired by
the Humana Heart Institute to contin-
ue implant operations, replies: “Right
now it is totally inappropriate to eval-
uate what the cost will eventually
be.... This is phase-one research. I'm
not trying to cut costs now. Now I do
the most expensive thing, to learn what
works in handling the patient.... It is
inappropriate to limit science because
of cost.”

Another of Bernstein’s criticisms is
that DeVries and others are implant-
ing hearts in human beings even
though there have been serious medi-
cal problems in the calves on which
the heart has been tested. Bernstein
asks: “Was [the Clark case] basically
an experiment? Was there really any
reasonable expectation that Barney
Clark was going to live a comfortable
life?” Citing the large number of
strokes and other complications in ar-
tificial-heart recipients, Bernstein ar-
gues that implanting the artificial
heart in patients at such an early stage
raises troubling issues of experimenta-
tion in human subjects. DeVries re-
sponds that some questions cannot be
answered in animal models: “Just be-
cause you have complications in ani-
mals doesn’t mean you stop clinical
use. You need to ask: Have you any-
thing more to learn from animals?”

Perhaps the most disturbing issue
Bernstein addresses is that of profits
and secrecy. In August, 1984, DeVries
moved from the University of Utah to
Humana, a for-profit institution; the
Jarvik-7 heart he implants is made by
a private firm, Symbion, Inc., Bern-
stein notes, but it was developed with
considerable Federal funding. Outside
requests to review DeVries’ research
protocol have been denied, as have
requests for data from implanted pa-
tients, which might help outsiders to
evaluate the function of the device.
“Such troubling secrecy, especially
when added to the shift of the project
to a for-profit hospital,” writes Bern-
stein, “raised additional questions
among critics about scientific objectiv-
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ity, independent scrutiny, the selection
of patients, and manipulation of the
press.... Symbion and other compa-
nies, even though they have benefited
handsomely from Federal funding for
this research, want to keep much of
what they have learned secret.”

Richard W. Alder, executive vice-
president and chief operating officer
of Symbion, denies charges of secrecy.
“The protocols are available to the
Food and Drug Administration and to
all principal investigators. We limit the
distribution because it is highly techni-
cal and constantly changing, and we
don’t see the purpose of publishing. ...
It’s confusing to release a lot of data
when it’s all evolving. It is released
from time to time by principal investi-
gators.” DeVries says that he is pre-
paring several journal articles describ-
ing various protocols, but that in gen-
eral the protocols are not released to
the public.

Surrounding all these specific criti-
cisms Bernstein sees a larger issue. He
reflects on national technological deci-
sion making as a whole and asks:
“Why is it that technological ‘fixes’ or
‘solutions’ seem more attractive than
preventive activities?”” He suggests it is
because prevention does not involve a
dramatic event or a hero. He also pro-
poses that decisions to commit large
amounts of funding to technological
projects should be more broadly based
and should rely on those outside the
immediate field of concern.

RU-486

he National Institute of Child

Health and Human Development
has a hot new drug to deal with. The
agent, RU-486, appears to be effective
against Cushing’s syndrome and may
retard breast cancer; it shows promise
for treating glaucoma, arresting lym-
phomas and improving fertility by in-
hibiting endometriosis. Paradoxically,
RU-486 may be an effective once-a-
month contraceptive, an attribute that
also makes the drug a sure-fire igniter
of controversy. Right-to-life groups,
which regard RU-486 as an abortifa-
cient, have been pressing the Adminis-
tration to halt studies of the drug and
keep it off the market.

RU-486 was developed by Roussel-
UCLAF, a French pharmaceutical com-
pany. Officials of the company’s U.S.
affiliate, the Roussel Corporation, are
reluctant to say much about the drug
but indicate there is no intention to
seek approval for its distribution in
this country.

That might be unfortunate, con-
sidering the drug’s multifaceted po-
tential. Its varied effects stem from
its ability to interfere with important
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chemical messengers. RU-486 is first
of all an antiglucocorticoid agent: it
blocks the receptors for such steroid
hormones as cortisol. Investigators
at the NICHHD report dramatic results
after testing the drug to treat certain
forms of Cushing’s syndrome, a life-
threatening disease that results from
excess activity of adrenocortical hor-
mones. The glucocorticoid-blocking
action suggests the drug may provide
an effective therapy for glaucoma in-
duced by those hormones and for glu-
cocorticoid-dependent lymphoma.

RU-486 also blocks the receptors
for progesterone, the major steroid fe-
male sex hormone. In doing so it can
prevent implantation: the attachment
of a fertilized ovum, in an early stage
of division, to the lining of the uterus,
where it develops into a fetus. The in-
stitute is therefore interested in the
drug’s potential as a contraceptive
agent that could be administered once
a month to ensure menstruation and
thereby prevent pregnancy.

The agent’s antiprogesterone activi-
ty may provide a therapy for endome-
triosis (in which uterine tissue grows
aberrantly on other reproductive or-
gans) and thereby improve fertility in
certain patients. In addition the drug is
being considered as a weapon against
breast cancer, the progress of which
can sometimes be slowed by reducing
the progesterone level.

In France and Scandinavia in partic-

ular, RU-486 is being investigated as
a possible first-trimester abortifacient.
In answer to inquiries from a group of
U.S. senators allied with right-to-life
proponents, the NICHHD has stated ex-
plicitly that no Federal funds “have
been or are being used to support or
conduct research on RU-486 as a drug
to induce abortion.”

Binary Weapon

Nice discrimination between target
and surround is a primary objec-
tive in cancer chemotherapy, in the
treatment of parasitic diseases and
even in weed Kkilling. One wants an
agent that attacks tumor cells but not
normal ones, the parasite but not the
host, weeds but not the crop or the
farmer. What if two rather harmless
substances could be administered that
combine—primarily in the tumor cell,
in the parasite or in the weed—to form
a lethal compound? A very prelimi-
nary step toward achieving just such
molecular teamwork has been report-
ed in Science by Darryl Rideout of the
Research Institute of Scripps Clinic,
who works in a joint research program
sponsored by the clinic and PPG In-
dustries, Inc.

Rideout knew that some substances
bind to tumor cells somewhat more
readily than they do to other cells. Per-
haps the selectivity could be ampli-
fied. One way would be to capitalize
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TWO HYPOTHETICAL DRUGS, both having tenfold selectivity for tumor cells, are
compared. In the case of a drug that has a shallow dose-response curve (/eft), the differ-
ence (blue arrow) in cytotoxicity for tumor cells (red) and for normal cells (black) never
exceeds about 80 percent: a concentration able to kill most tumor cells would harm many
normal cells. In the case of a drug displaying a steep dose-response curve (right), the
cytotoxicity difference is more than 95 percent over a sizable ‘“therapeutic window”
(light blue), within which a tumor-killing concentration should not harm normal cells.
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on the fact that if two or more differ-
ent molecules must interact to achieve
acertain biological response, the dose-
response relation becomes steeper.
That is, the effect on a tissue increases
more sharply, for a given increase in
the concentration of the substances,
than it would for the same increase in
the concentration of a single molecule.
If a steeper dose-response rate can be
attained, it should be translatable into
a larger “therapeutic window™: a larg-
er difference, over a wider range of
concentrations, between the effect a
given concentration has on tumor cells
and the effect the same concentration
has on normal cells (see illustration). A
self-assembling cytotoxin, or cell-Kill-
ing substance, formed by the combina-
tion of two less toxic molecules should
exhibit the required synergism.

To test the concept Rideout first
showed that two mildly cytotoxic
chemicals called decanal and AOG
would react with each other to form a
third substance. Then he tested them
for synergistic cytotoxicity. Neither
substance alone had any significant ef-
fect on human erythrocytes (red blood
cells). When erythrocytes were ex-
posed to a mixture of the two at con-
centrations of 28 micromoles per liter,
however, they lysed (that is, their cell
membrane dissolved and the cells
burst) within 80 minutes. The rate of
lysis increased with the concentration
of either decanal or AOG, indicating
that the two had indeed combined in
situ to form a more toxic substance;
that compound, called DIOG, was de-
tected in solutions of lysed red cells.

When DIOG was applied directly to
red cells at a concentration of only 14
micromoles per liter, it lysed them in
20 minutes, strongly suggesting that it
was the effective cytotoxin. In a giv-
en length of time, however, the curve
for the increase in lysis with increased
concentration was much sharper for
the combination of decanal and AOG
than it wasfor their product, DIOG. In
other words, a steeper dose-response
curve was attained when the cytotoxin
was introduced in the form of two
components that self-assemble in situ.
There should (at least in theory), then,
be a large difference between the ef-
fect of a given concentration of pairs
of self-assembling molecules on tumor
tissue and on other tissue.

THE NOBEL PRIZES

Physiology or Medicine

What controls the growth of an or-
ganism from a single fertilized

egg into a complex system of billions
of specialized cells? Part of the answer
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lies in a class of signal proteins, called
growth factors, whose first members
were discovered in the 1950’s by Rita
Levi-Montalcini, now at the Institute
of Cell Biology in Rome, and Stanley
Cohen, now at the Vanderbilt Univer-
sity School of Medicine. For their col-
laborative efforts the two investigators
shared this year’s Nobel prize in physi-
ology or medicine.

Levi-Montalcini discovered the first
growth factor while working at Wash-
ington University in St. Louis. At the
time she was studying the develop-
ment of the nervous system in chick
embryos. It had already been shown
that a mouse tumor grafted onto a
chick embryo would stimulate exten-
sive nerve growth in the embryo. Levi-
Montalcini found this to be true even
when the tumor was not in direct con-
tact with the embryo but was connect-
ed to it only by blood vessels; appar-
ently, she later wrote, “the tumor was
releasing some chemical factor that
was in turn inducing the remarkable
growth” of nerves in the embryo [see
“The Nerve-Growth Factor,” by Rita
Levi-Montalcini and Pietro Calissano;
SCIENTIFIC AMERICAN, June, 1979].

In 1953 Cohen joined Levi-Montal-
cini at Washington University, and it
was he who succeeded in purifying
the nerve-growth factor (NGF) and in
showing that it was a protein. NGF, it
is now known, is necessary for the sur-
vival during development of sympa-
thetic nerve cells. It is synthesized in a
wide range of tissues, and it appears to
guide nerve fibers to the organs they
serve: the fibers grow toward sources
of NGF.

While studying NGF Cohen discov-
ered a second growth factor, which he
calledepidermalgrowthfactor (EGF).
(It later emerged that EGF stimulates
the growth not only of skin but also of
many other cell types.) Cohen purified
the protein and determined its amino
acid sequence, and he also identified
the receptor that binds EGF on cell
surfaces. “For the first time,” the Kar-
olinska Institute noted in announc-
ing Cohen’s prize, ‘“scientists had a
factor available [that]...allowed stud-
ies of the growth process.” Under-
standing normal growth, moreover, is
the key to understanding pathologi-
cal subversions of the process, in-
cluding the uncontrolled proliferation
of cancer cells.

Physics

uantum mechanics, which is
sometimes taken to be the em-
bodiment of scientific arcana,
lies at the heart of two eminently prac-
tical achievements that were recog-
nized with the 1986 Nobel prize in
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physics: the electron microscope and
the scanning tunneling microscope.

The award to Ernst Ruska, now re-
tired from active research, was belat-
ed: Ruska built the first electron mi-
croscope while he was at the Technical
University of Berlin in 1933. In so do-
ing he was applying the quantum-
mechanical postulate that an electron
is both wave and particle. The wave-
length of an electron is thousands of
times less than the wavelength of visi-
ble light. Ruska and other workers
knew the resolving power of an elec-
tron microscope would therefore be
much greater than that of a light mi-
croscope—provided a way could be
found to focus the electrons and pro-
duce an image.

Ruska’s accomplishment was to de-
velop magnetic coils that could act as
electronlenses. Later, working for Sie-
mens AG, he participated in the de-
velopment of the first mass-produced
electron microscope. Today the de-
scendants of his device are ubiqui-
tous, notably in biological and medical
laboratories.

The scanning tunneling microscope,
invented only a few years ago by Gerd
Binnig and Heinrich Rohrer of the
IBM Zurich Research Laboratory, ex-
ploits the wave nature of the electron
in a different way [see “The Scanning
Tunneling Microscope,” by Gerd Bin-
nig and Heinrich Rohrer; SCIENTIFIC
AMERICAN, August, 1985]. Since elec-
trons behave like waves, their posi-
tions are indeterminate; some of them
actually “tunnel” out of an object and
form a cloud above its surface. In the
scanning tunneling microscope a fine
stylus (its tip may consist of a single
atom) is pushed to within a nanometer
of a sample, so that the two electron
clouds just touch. The application of a
voltage causes an electric current, the
tunneling current, to flow between the
stylus and the sample.

Because the density of the electron
clouds falls off exponentially with dis-
tance, the intensity of the tunneling
current changes dramatically if the
distance between the stylus and the
sample is changed only slightly. The
tunneling current can therefore serve
to control a feedback mechanism that
keeps the stylus at a constant height.
As the stylus passes over the surface
of the sample its vertical movements
are measured. The vertical resolution
of the measurements is about a hun-
dredth of a nanometer, which means
they can readily detect bumps in the
surface made by individual atoms.

To function properly the scanning
tunneling microscope must be imper-
vious to the smallest external vibra-
tions, and it is for solving such design
problems that Binnig and Rohrer re-
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ceived the Nobel prize. Their device
has immediate applications in the mi-
croelectronics industry. Beyond that,
according to the Nobel committee, the
invention has opened up “entirely new
fields...for the study of the structure
of matter.”

Chemistry

If you heat two chemicals in an Er-
lenmeyer flask, you may produce a
third. You will then know that sub-
stance A4 has reacted with substance B
to form substance C, but you will not
know what has actually happened on
the molecular level: what energies the
molecules of 4 and B had when they
collided, for example, and whether C
emerged directly from the collision or
instead was formed from some unsta-
ble intermediate complex. For their
work in providing “a much more de-
tailed understanding of how chemical
reactions take place,” the Nobel prize
in chemistry was awarded to Dudley
R. Herschbach of Harvard University,
Yuan T. Lee of the University of Cali-
fornia at Berkeley and John C. Polanyi
of the University of Toronto.

Herschbach pioneered the method
of crossed molecular beams, in which
two beams of molecules are acceler-
ated to known energies and made to
collide at a known-angle. By measur-
ing the energies and the angular distri-
bution of the reaction products one
can infer how pairs of molecules in the
beams have interacted. Through this
approach Herschbach has been able to
analyze important types of directreac-
tions; he has also discovered indirect
reactions that involve long-lived inter-
mediate complexes. Lee, who initially
worked in Herschbach’s laboratory,
refined the crossed-beam apparatus,
making it possible to study complex
reactions important in combustion
chemistry and atmospheric chemistry.

Polanyi independently developed a
new technique for analyzing the reac-
tion products in crossed-beam experi-
ments. In some chemical reactions ex-
cess energy is stored internally in the
product molecules, which eventually
emit the energy as infrared radiation.
By measuring and analyzing the ex-
tremely weak infrared emissions, Po-
lanyi has been able to infer how much
of the total energy in a reaction is
stored as vibrational energy and how
much of it is imparted to the product
molecules as kineticenergy of motion.
The partition of the energy in turn
yields information on the interatomic
forces that drive the reaction. Pola-
nyi’s discovery of infrared “chemilu-
minescence” by vibrationally excited
molecules also led to the development
of chemical lasers.
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The First Human Retrovirus

Part I of a two-part article on the human retroviruses. The first

example, found in 1978, causes a rare leukemia. Its discovery laid

the groundwork for identifying the related virus that causes AIDS

enerally in nature the flow of
genetic information is from
DNA, where the information
resides, to RN A, which serves as an in-
termediate, to proteins, which are the
cell’s functional molecules. Indeed, for
many years it was believed that genet-
ic information can flow only in one
direction, and this proposition was
known as the “central dogma” of mo-
lecular biology. Some time ago, how-
ever, the central dogma was subverted
by the discovery of a group of biologi-
cal objects that reverse the usual order
of things. Called retroviruses, their ge-
netic complement consists of RNA.
They also contain an enzyme—reverse
transcriptase—that uses the viral RNA
as a template for making DNA, which
integrates itself into the chromosomes
of the host cell and there serves as the
basis for viral replication.

The discovery of reverse transcript-
ase was exciting not only because it
shed light on fundamental biological
processes but also because it provided
a handle for understanding how retro-
viruses cause disease. It was already
known that these viruses can cause
cancer in animals, mainly leukemias,
which are tumors originating in white
blood cells. Hence it seemed only logi-
cal to search for similar cancer-caus-
ing viruses in human beings. Yet the
obstacles, both intellectual and techni-
cal, were so formidable that it was not
until 1978, almost a decade after the
discovery of reverse transcriptase, that
my colleagues and I isolated the first
human retrovirus.

We named our find human 7-cell
lymphotropic virus because it has an
attraction for 7 lymphocytes, white
blood cells with a crucial role in mod-
ulating the immune response. The vi-
rus does cause cancer: by entering a T’
cell, it can set in motion the chain of
events leading to leukemia. (Indeed,
for that reason it is sometimes called
human 7-cell leukemia virus.) Em-
ploying the techniques of epidemiolo-
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by Robert C. Gallo

gy and molecular biology, we quick-
ly found out a good deal about this
pathogen and its mode of operation.
What is more, we began to find its rela-
tives. In 1982 we discovered a second
human retrovirus, which also causes
a leukemia. Instantly, human T7-cell
lymphotropic virus became HTLV-],
and the newcomer HTLV-IIL.

Even more surprising was the find-
ing, in 1983 and 1984, that the agent
of acquired immune deficiency syn-
drome (AIDS) is a related virus: HTLV -
III. That discovery was surprising in
part because AIDS and cancer have op-
posing effects. Whereas cancer entails
uncontrolled proliferation of T cells,
AIDs leads to their death, crippling
the immune system. Thus within five
years of the isolation of the first hu-
man retrovirus two distinct categories
of such viruses had been found, each
of which has quite different pathogen-
ic effects. How these two categories
came to be established is one of the
most exciting stories of 20th-century
biology. It will be told in two parts.
The first part—this article—describes
the discovery of HTLV-I. The second
part, which will appear in the next is-
sue of Scientific American, tells the sto-
ry of the AIDS virus.

Early Skepticism

The prologue to the discovery of the
first human retrovirus is a history of
skepticism: first, doubt that infectious
agents would prove to be an important
source of cancer and then doubt that
retroviruses would ever be found in
human beings. It was established quite
early that retroviruses do have the ca-
pacity to cause tumors, at least in the
laboratory. The first retrovirus was
isolated in 1910 by Peyton Rous of the
Rockefeller Institute for Medical Re-
search. He showed that the virus—now
called avian sarcoma virus—can in-
duce tumors of muscle, bone and
blood-vessel tissue in chickens.
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Rous’s results met with such wide-
spread disbelief that he gave up retro-
virus research, and the field passed
into a dormancy that lasted until the
1950’s. In that decade and the next,
Ludwik Gross of the Mount Sinai
School of Medicine as well as other
investigators found retroviruses that
cause tumors in mice, chickens and
other species. Yet most biologists con-
tinued to doubt that infectious agents
had a significant role in the transmis-
sion of cancer outside the laboratory.
After all, the animals studied in the
retrovirus work were, by and large, in-
bred laboratory strains. Moreover,
many of the infections were congeni-
tal, which seemed unlikely to be an im-
portant mode of transmission in hu-
man beings.

Hence in 1960 it was possible to ar-
gue, plausibly, that retroviruses were
little more than laboratory curiosities.
All that changed in the early 1960’s
when William Jarrett of the University
of Glasgow discovered feline leuke-
mia virus (FeLV). Jarrett, who had
been trained as a veterinarian, dem-
onstrated that FeLV was capable
of causing not only malignancies of
blood cells but also aplasias (insuffi-
cient growth of affected cells) and
an immune deficiency similar to the
one later observed in AIDS patients.
Equally important, Jarrett (with his
brother and colleague Oswald Jarrett,
Myron Essex of Harvard University
and William D. Hardy, Jr., of the Me-
morial Sloan-Kettering Cancer Cen-
ter) showed that the diseases caused
by FeLV were communicated among
unrelated cats in the natural setting of
the household.

With the discovery of FeLV, retro-
viruses transcended the status of labo-
ratory curio. Yet there was no rush to
find analogous infectious agents in hu-
man beings. One reason was the atten-
tion then being given to endogenous
retroviruses. Endogenous retroviruses
are viruses whose genetic material is



found in the chromosomes of many
animal species, presumably as the
remnant of an ancient infection. In
some instances suchendogenous DN A
sequences are capable of giving rise
to functional, infectious virus parti-
cles. By and large, however, they are
transmitted to other members of the
species through ordinary Mendelian
inheritance: in the sperm or egg. In
1969 Robert J. Huebner and George
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J. Todaro of the National Cancer
Institute proposed that activation of
these normally silent endogenous se-
quences by carcinogens was the mech-
anism of all malignancy.

Ironically, it has since turned out
that all the diseases known to be
caused in nature by retroviruses are
due to exogenous viruses. The endoge-
nous viruses are currently regarded as
an evolutionary puzzle having little
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clinical relevance. In the late 1960’s,
however, exogenous viruses were gen-
erally overlooked in the excitement
generated by their ubiquitous endoge-
nous relatives.

Reverse Transcription
The seductions of the Huebner-

Todaro theory were not the only prob-
lem confronting those interested in ex-

PORTRAIT OF A VIRUS reveals much of what is known about
the structure of the first human retrovirus: human 7-cell lympho-
tropic virus-I (HTLV-I). The illustration shows the virion, or vi-
rus particle, in cross section. The particle is about 1,000 angstrom
units across (roughly one ten-thousandth of a millimeter). Its out-
er envelope is a double layer of lipid (fatty) material that is pene-
trated by proteins (green). The envelope covers a core containing

several types of proteins (light brown and ivory). The core also
includes two molecules of RNA (red). The RNA comprises the
genetic information that is necessary for the virus to synthesize
its components and thereby reproduce itself. Bound to the RNA
are several copies of an enzyme called reverse transcriptase (yel-
low). Reverse transcriptase exploits the viral RNA as a template
for assembling a corresponding double-strand molecule of DNA.
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LIFE CYCLE OF A RETROVIRUS includes the integration of
the viral genome (the full complement of genetic material) into
the DNA of the host cell. The virus particle (I) interacts with the
membrane of the host cell (2), which in the case of HTLV-I is a
white blood cell called a 7 lymphocyte. The membrane of the virus
fuses with the cell’s outer membrane (3), releasing the contents of
the virion into the cytoplasm. In the cytoplasm reverse transcript-
ase makes a single strand of DNA corresponding to the viral
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RNA; then (as the RNA is degraded) a second strand of DNA is
made (4). The double-strand DNA migrates to the cell nucleus,
where it forms a circular structure (5) and inserts itself randomly
among the host’s chromosomes (6). Later the viral DNA can be
transcribed into RNA, which is translated into protein on cellular
ribosomes in the cytoplasm (7). Newly made proteins and viral
RNA assemble and bud outward (8), yielding a new virion that
incorporates lipid material from the cell’s outer membrane (9).
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ogenous viruses and cancer in 1969.
There was also a conceptual difficulty
-in understanding how the genome of
the virus, which was known to consist
of RNA, could interact with the genes
of the host cell to induce a tumor.
Howard M. Temin of the University
of Wisconsin Medical School had pro-
posed that the life cycle of an exoge-
nous retrovirus includes an intermedi-
ate DNA phase called a provirus, but
the details were hazy.

Temin’s discovery of reverse tran-
scriptase (a finding made independent-
ly and simultaneously by David Balti-
more of the Massachusetts Institute of
Technology) provided a concrete basis
for the provirus theory, and the details
of the life cycle quickly fell into place
[see “RNA-directed DN A Synthesis,”
by Howard M. Temin; SCIENTIFIC
AMERICAN, January, 1972]. It became
clear that when a retrovirus infects a
cell, reverse transcriptase synthesizes a
DNA molecule corresponding to the
code carried in the viral RNA. The
DNA can make its way to the nucleus,
where it integrates itself among the
genes of the host. Later, through inter-
action with the host’s genes, the pro-
virus may initiate a tumor. Since the
viral DNA carries the information
needed to synthesize the components
of the virus, it can also be activated
to form new virus particles.

In 1970, when Temin and Baltimore
came on reverse transcriptase, I was
studying DNA polymerases in blood
cells. DNA polymerases are enzymes
that assemble DNA; reverse tran-
scriptase is a member of this group, al-
beit an unusual one. Under the in-
fluence of Temin’s ideas I decided to
search for reverse transcriptase in hu-
man leukemic cells, hoping to find a
retrovirus there.

In doing so I was gainsaying accept-
ed wisdom. The animal leukemia vi-
ruses (by then well known in chickens
and mice as well as cats) undergo ex-
tensive viral replication before a tu-
mor is initiated; the new virus particles
are readily visualized in the electron
microscope. Careful electron micros-
copy of human leukemic cells had
yielded no such images, leading most
investigators to conclude no human
retrovirus exists.

Yet it seemed to me—and, indepen-
dently, to Sol Spiegelman of Columbia
University—that the search was not in
fact pointless. Perhaps human retrovi-
ruses exploit a different cancer-caus-
ing mechanism, which does not entail
extensive viral replication. If so, elec-
tron microscopy (a cumbersome tool
for the purpose) would never detect
the pathogen. A more sensitive assay,
though, might, and fortunately one
was at hand in reverse transcriptase.

NEW VIRUS PARTICLES bud from a T lymphocyte (enlarged 13,000 diameters) in
laboratory culture. The particles appear as small, dark circles at the periphery of the cell.
The irregular shape at the center is the nucleus; the rounded areas are lipid droplets. The
image is unusual, since HTLV-I replicates only during a brief part of the 7-cell life cycle.
The electron micrograph was made by Bernhard Kramarsky of Electro-Nucleonics, Inc.

Since reverse transcriptase is unique
to retroviruses, finding it in tumor
cells would show that such a virus
was there. Furthermore, a biochemi-
cal assay for the activity of the en-
zyme in assembling DNA could be
made far more specific and sensitive
than microscopy.

The Virtues of Culture

Between 1970 and 1975 Spiegel-
man’s group and my own labored to
refine the reverse-transcriptase assay
until it was several orders of magni-
tude more sensitive than electron mi-
croscopy [see illustration on next page).
Using such assays, my colleagues and I
obtained some tantalizing but still in-
conclusive results. From the leukemic
cells of a few patients we purified
DNA polymerases that seemed to
have all the properties of reverse tran-
scriptase. There was, however, an am-
biguity: the enzymes might have been
unusual cellular polymerases detect-
able only because their numbers are
increased in diseased cells. To demon-
strate their origin unequivocally we
needed a much larger supply of the pu-
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tative virus, which in turn required us
to grow the infected cells.

Now, human blood cells—normal or
cancerous—are difficult to grow in the
laboratory. Indeed, in the early 1970’s
no laboratory cell line existed that
was suitable for our purposes. By that
time, however, proteins called growth
factors had been discovered that were
useful for making other recalcitrant
cells grow in the laboratory. It seemed
reasonable to think growth factors
could be the key to growing white
blood cells. Accordingly, a search was
begun for growth factors suitable for
our purposes.

A step in that direction had been
taken during the 1960’s by Peter C.
Nowell of the University of Pennsyl-
vania School of Medicine. Nowell
found that a protein called phyto-
hemagglutinin (PHA), derived from
plants, could induce certain white
blood cells to grow larger, become ac-
tive and divide once or twice. Nowell’s
cells were later shown to be T cells,
and his experiment amounted to a
short-term culture. Picking up where
Nowell had left off, in 1976 my col-
leagues Doris Morgan and Francis
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REVERSE-TRANSCRIPTASE ASSAY is based on identifying
the enzyme’s capacity to assemble DNA from an RNA template.
In its original form (left) the assay relied on endogenous viral
RNA as the template. Infected cells were centrifuged to separate
the virus particles (and pieces of cell membrane) from other mate-
rial. A mild detergent broke up the particle, releasing the reverse
transcriptase. Radioactively labeled nucleotides (the subunits of
DNA) as well as a specific piece of DNA that serves as a “primer”
for DNA assembly were added to the solution containing the en-
zyme. The reverse transcriptase synthesized DNA, which was pre-
cipitated by trichloroacetic acid (TCA). Measuring the radioactiv-
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ity of the solid showed that the labeled nucleotides had indeed
been incorporated into DNA. If ribonuclease (an enzyme that
breaks up RNA) is added to the solution, no DNA is made, show-
ing that the process depends on an RNA template. Later the assay
was modified (right) by the use of synthetic templates, making it
possible to distinguish conclusively between the activity of reverse
transcriptase and the activity of related cellular enzymes that ex-
ploit DNA as a template. If the template called polyribo(4)—
a form of RNA—is used, the viral enzyme makes much DNA
but cellular enzymes make little. If the template called polyde-
oxyribo(4 )—a form of DNA—is used, the situation is reversed.
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Ruscetti and I found that after PHA
stimulation some T cells did indeed re-
lease a growth factor. We named the
new substance T-cell growth factor, or
TCGF,; it is now generally called inter-
leukin-2, or IL-2.

Not only did the activated T cells se-
crete IL-2 but also they developed re-
ceptor molecules on their surface for
the same protein. When the growth
factor bound to its receptor, the cells
began to divide. We had found a way
to culture T cells: after accumulating
enough IL-2 we could add it to the
prestimulated cells and thereby main-
tain their growth for long periods. As
it happens, this method parallels
events in the normal immune system.
T cells, which stem from a precursor in
bone marrow, migrate to the thymus
gland to mature. There they become
differentiated into two classes—74 and
T8—with different marker molecules
on their surface and different immune
functions. In response to infection
some of these mature 7 cells are first
activated by the protein called IL-1
and then stimulated to divide by IL-2.

In the late 1970’s these pathways
were but dimly perceived. Not until
later did work by immunologists—no-
tably Kendall A. Smith and his col-
leagues at the Dartmouth Medical
School and Hans Wigzell of the Karo-
linska Institute in Stockholm—demon-
strate the full significance of IL-2 for
the immune system. In any event, our
primary interest was not in the im-
mune reponse as such but in growing T
cells, and for that purpose IL-2 was
very effective.

Indeed, Bernard Poiesz, a postdoc-
toral fellow in my group, found that
some leukemic human T cells could
be grown with IL-2 without prior ac-
tivation by PHA. The function of
PHA stimulation was to generate the
IL-2 receptors, which normal T cells
lack. Apparently the leukemic T cells
had the IL-2 receptor already and so
did not require activation. As I shall
describe, this surprising finding has
turned out to be of significance for
how HTLV-I causes cancer. Further
work on the leukemic 7 cells revealed
that they were relatively mature and
had the T4 marker molecule.

The First Isolates

It was from such malignant cells,
grown with IL-2, that we isolated the
first examples of HTLV-I in 1978-79
from the cells of two leukemia pa-
tients. My colleagues and I isolated the
virus, characterized it and showed it
was specifically a human virus; our re-
sults were published in 1980 and early
1981. Later we isolated many other ex-
amples. My colleague Marvin Reitz

then showed that these viruses were
not closely related to previously de-
scribed animal viruses. Equally impor-
tant, he showed that our isolates were
not endogenous but exogenous and
therefore the same type of virus that
causes disease in animals.

There was, however, some confu-
sion about the disease HTLV-I was as-
sociated with. This was bound to be
the case, since the origin of T-cell leu-
kemias was not well understood, and
so clinicians had been forced to rely on
symptoms to categorize the forms of
the disease. The patients from whom
we first isolated HTLV-I had malig-
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nancies of mature 74 cells accompa-
nied by skin abnormalities, which re-
sult from infiltration of the skin by
malignant blood cells.

Such a clinical picture has been
called mycosis fungoides or Sézary 7-
cell leukemia. It was evident from our
early studies, however, that HTLV-I
could be detected in only a small frac-
tion of patients with mycosis fun-
goides or Sézary syndrome. Converse-
ly, many leukemia patients who were
positive for HTLV-I lacked skin ab-
normalities and so did not fit the clini-
cal definition of these conditions.

Some light was cast into this ob-
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T CELLS ARE ACTIVATED in response to infection. The process begins when a white
blood cell called a macrophage encounters an antigen—a surface protein from an invading
organism. The macrophage secretes a protein called IL-1. When IL-1 reaches resting T
cells, they secrete a second protein, called IL-2, and develop IL-2 receptors on their sur-
face. The binding of IL-2 to its receptors induces the T cell to divide and mature (assume
the functional characteristics needed for its complex role in the immune response). The
discovery that IL-2 (originally called 7-cell growth factor, or TCGF) could be used to
grow T cells in the laboratory was a crucial step in the author’s isolation of HTLV-I.
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HTLV-I CAUSES LEUKEMIA by a multistep process. When the virus infects a group of
T cells, all the cells develop IL-2 receptors, and the provirus (the viral DNA integrated
into the cellular genome) is found in each cell. The provirus, however, is found in a differ-
ent position in each cell. Some of the infected cells are transformed into a precancerous
state; some of the transformed cells then give rise to clones of descendants, each of which
contains an identical copy of the progenitor’s DNA, including the provirus. In one cell of
such a clone a further chromosomal alteration may lead to the development of the final
cancerous state. All the leukemic cells are descended from this single cancerous ancestor.
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scurity when we learned of a disease
called adult T-cell leukemia (ATL),
first described in 1977-78 by Kiyoshi
Takatsuki of Kyoto University. ATL
resembles mycosis fungoides and Sé-
zary syndrome, but there are some sig-
nificant differences. For one thing, the
skin is not always involved. In addi-
tion, ATL is more aggressive than the
other two syndromes (median survival
from the time of diagnosis is only three
or four months). Its victims—although
still adults—are generally younger, and
the malignant 7T cells in the blood are
often accompanied by hypercalcemia
(an increase in the blood’s calcium
content). The hypercalcemia alone can
be fatal, but more frequently death re-
sults from explosive proliferation of
the leukemic cells or from opportunis-
tic infections.

Emergent Geography

Takatsuki and his co-workers noted
that ATL is heavily concentrated in
Kyushu and Shikoku, the southern-
most major islands of Japan. Such
clustering suggested the disease might
be caused by an infectious agent. Since
the symptoms resembled those of the
cases that had yielded HTLV-I, we be-
gan collaborating with Yohei Ito of
Kyoto University to find out whether
ATL patients were also harboring the
virus. They were. Blood serum from
all ATL patients tested contained an-
tibodies that reacted with HTLV-L
What is more, monoclonal antibodies
(preparations of specific antibody that
react with only one protein) made to
HTLV-I proteins reacted with ATL
cells but not with normal cells. It
looked as though HTLV-I was the
cause of ATL.

Supporting evidence for that con-
clusion was offered at the virus work-
shop in Kyoto where, in March of
1981, I presented our early results.
Yorio Hinuma of Kyoto University
described a line of ATL cells devel-
oped by Isao Miyoshi of Kochi Uni-
versity that, when grown in the labora-
tory, released retrovirus particles. All
available data indicated that the virus
coming from Miyoshi’s cells was iden-
tical with HTLV-L.

Not long afterward the point was
clinched. Mitsuaki Yoshida of the To-
kyo National Cancer Institute worked
out the sequence of nucleotide bases in
the RNA genome of the Japanese iso-
late and compared it with the sequence
of HTLV-1. The overlap was sufficient
to make clear that the Japanese and
American isolates were very closely
related strains of a single virus. The
first independent confirmation of the
presence of HTLV-I in the U.S. was
later provided by Barton Haynes and
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GLOBAL PATTERN OF HTLV-I INFECTION yields clues to
the origin of the virus. The main endemic areas of the virus (color)
are the Caribbean basin and southwestern Japan. Another possi-
ble endemic area, as yet unconfirmed, is in New Guinea. Areas
with intermediate levels of infection (dark gray) include parts of
equatorial Africa and Latin America. Low levels of infection (light
gray) are present in other areas. Epidemiological data are lacking,

Dani Bolognesi of the Duke Universi-
ty Medical Center, who isolated the vi-
rus from a Japanese-American suffer-
ing from a 7-cell leukemia.

The clustering of ATL in southern
Japan had been significant in helping
to link HTLV-I to a specific disease,
and my co-workers and I wanted very
much to be able to identify similar pat-
terns elsewhere. Until 1980, however,
our epidemiological work was severe-
ly hampered by the absence of appar-
ent disease clusters in the U.S. The
only salient epidemiological fact was
that most of our patients were blacks
born in the U.S., the Caribbean coun-
tries or South America. Then in 1981
Daniel Catovsky of Hammersmith
Hospital in London pointed out a con-
centration there of T-cell leukemias
among Caribbean-born blacks. Their
clinical features were remarkably sim-
ilar to those of the U.S. and Japa-
nese cases that had proved positive
for HTL V-], and as we by now expect-
ed HTLV-I was found in all of them.

Catovsky’s insight provided one of
the keys that unlocked the internation-
al epidemiology of HTLV-1. With the
formidable cooperation of William A.
Blattner of the National Cancer Insti-

tute and his associates, my colleagues
Carl Saxinger and Marjorie Robert-
Guroff and I began surveying black
populations in the U.S., the Caribbean,
South America and Africa for HTLV-
I infection. It was found that HTLV-I
is endemic not only to the southern
islands of Japan but also to parts of
the U.S., most of the Caribbean, north-
ern South America and, in particu-
lar, to Africa.

Commerce and Cancer

What could tie these disparate re-
gions together? The answer, remark-
ably enough, appears to be the slave
trade, but that hypothesis did not
emerge directly. Miyoshi discovered
that some Japanese macaques had
antibodies to HTLV-I, and he specu-
lated that the virus had infected people
in Japan from these monkeys. That
early proposal was shown to be false:
the Japanese macaque virus differs
enough from HTLV-I to rule out di-
rect transmission. In confirming the
results obtained by Miyoshi, however,
Gebhard Hunsman of the University
of Go6ttingen and my group found that
many species of African monkeys also
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however, for much of the world (white). The finding of viruses
closely related to HTLV-I in certain species of African monkeys
suggests the virus may have originated in Africa and been trans-
ported to the rest of the world through commerce, in particular
the slave trade. The data on the map were collected by William
A. Blattner in collaboration with Carl Saxinger, Marjorie Rob-
ert-Guroff and the author (all of the National Cancer Institute).

have antibodies that react with HTLV-
I. The viruses subsequently isolated
from those monkeys were also related
to but distinct from HTLV-1.

Some of the African viruses—nota-
bly those from African green monkeys
and from chimpanzees—proved to be
much more closely related to HTLV-I
than the Japanese macaque virus is.
The resemblance was sufficient to sug-
gest there is a close connection be-
tween the infection of those species
and that of human beings. On the basis
of such results (along with the epi-
demiology and some historical infor-
mation) I proposed the following hy-
pothesis. HTLV-I originated in Afri-
ca, where it infected many species of
Old World primates, including human
beings. It reached the Americas along
with the slave trade.

Curiously, it may well have arrived
in Japan the same way. In the 16th
century Portuguese traders traveled
to Japan and stayed specifically in
the islands where HTLV-I is now en-
demic. Along with them they brought
both African slaves and monkeys, as
contemporary Japanese works of art
show, and either one or the other may
have carried the virus. This hypothesis
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has recently been challenged by the
finding that HTLV-I infection is com-
mon among the Ainu people living on
Hokkaido, Japan’s northernmost ma-
jor island—an area where the Portu-
guese did not go. For the time being,
however, it remains a plausible expla-
nation of the global pattern of spread.

The epidemiological findings about
HTLV-I clarified not only global pat-
terns but also patterns in smaller areas,
and even the methods by which the vi-
rus is transmitted from one person to
another. The basic linkage of HTLV-I
to ATL was relatively uncomplicated
because the virus is more localized
than some others and because the cor-
respondence between virus and dis-
ease is marked: where clusters of ATL
are found, the virus is prevalent; the
converse is also true. Within small
geographic areas such as townships,
however, the prevalence of infection
varies greatly.

The great variation in prevalence
within small areas (along with other
data) shows that HTLV-1 is not casual-
ly transmitted. Several routes of infec-
tion have been established, all requir-
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JAPAN may have brought
HTLV-I with them in their African slaves or in monkeys. During
the 16th century Portuguese seafarers made many visits to Japan.
The illustration shows a contemporary Japanese depiction of one
such visit. The figure at the left is an African holding a canopy

ing close exchanges. The virus can
be transmitted in contaminated blood
transfusions or among drug addicts
sharing a needle. It can be transmitted
by sexual contact, either homosexual
or heterosexual. A fetus can be infect-
ed in the womb if its mother harbors
the virus. Recent observations from
Japan suggest that infants can ingest
HTLV-I in their mother’s milk. Even
more recent findings indicate that the
virus can also be carried by mosqui-
toes. Once the virus has been passed,
there follows a latency that can be as
long as 40 years (if infection occurs in
infancy) or as short as a few years (if it
occurs in adulthood).

The Direct Cause

What is the relation between the
original infection and the tumor that
may ensue as much as 40 years later?
Several lines of evidence suggest that
the virus’s role is quite direct. One type
of evidence is epidemiologic. Infected
infants born in the endemic area of
southern Japan have the same chance
of developing ATL whether they

© 1986 SCIENTIFIC AMERICAN, INC

spend the rest of their lives there or
move to another part of the world at
an early age; the same is true for other
endemic areas. It appears that the vi-
rus can initiate the chain of events
leading to a tumor on its own, and that
no environmental factors present in
the endemic area are needed.

The second line of evidence comes
from molecular virology. When
HTLV-I infects T cells in the labora-
tory, the provirus is found integrated
randomly in the cellular genome: in
one cell it may be on chromosome 5, in
another on chromosome 8, in a third
on chromosome 15. Yet when the cells
of an ATL patient are examined, the
viral sequences are found in the same
place in every cell of the tumor. Such
identity implies that the tumor is a
clone: all its cells are the progeny of
a single ancestor and as such contain
copies of the progenitor’s genome. It
also implies that the infection preced-
ed the origin of the tumor, because if
the virus had entered the cells of an ex-
isting multicellular tumor, the viral se-
quences would be found in a different
place in each cell of the tumor.

over two Portuguese merchants engaged in animated conversation.
Contact with the Portuguese was concentrated in the southern-
most islands of Japan. In 1978 a new type of T-cell malignancy
was identified in the same region of Japan. The disease—adult
T-cell leukemia, or ATL—has been strongly linked to HTLV-I.



That is not all. When Miyoshi cul-
tured ATL cells with human umbili-
cal-cord blood, T cells from the (nor-
mal) baby’s blood were transformed
into an immortal, precancerous condi-
tion. It seemed likely that virus parti-
cles escaping from the leukemic cells
had transformed the normal ones.
That explanation was later unequivo-
cally confirmed in my laboratory in
experiments begun by Mika Popovic
and continued by Zaki Salahuddin and
Philip Markham. They showed that
many isolates of HTLV-I can trans-
form T4 cells in from five to seven
weeks; the provirus of the transformed
cells is integrated in a pattern like the
one seen in ATL cells. The circle was
closed by Miyoshi, who took labo-
ratory-transformed cells, put them in
hamsters and showed they can cause
malignancies.

Linking HTLV-I directly to a cancer
was exciting, but it was hardly an end
point. On the contrary, it provided the
starting point for the next goal, which
was to identify the molecular mecha-
nism by which the virus causes leuke-
mia. Although that project is not yet
complete, some of the outlines of the
disease process have emerged from the
work done so far. One of the central in-
sights has come from examining the
pattern of integration of the provirus
in the cellular genome (a pattern
worked out by my colleagues Flossie
Wong-Staal, Beatrice Hahn and Vit-
torio Manzari and, independently, by
Motoharu Seiki of the Tokyo Cancer
Institute working with Yoshida). As I
mentioned above, in each cell of a par-
ticular tumor the provirusis integrated
in a clonal fashion. From one ATL pa-
tient to another, however, there is no
uniformity: each has the viral se-
quences in a different location.

A Novel Mechanism

The combination of clonality with
randomness of integration from tumor
to tumor immediately indicated that
HTLV-I must cause leukemia by a
new mechanism. Before HTLV-I only
two mechanisms were known whereby
a retrovirus can cause leukemia, each
defining a group of viruses. One mech-
anism entails the presence in the viral
genome of an onc gene, a cellular gene
involved in the regulation of growth.
Expression of the onc gene transforms
every infected cell, giving rise to a rap-
idly developing cancer, which (since it
develops from many different progen-
itors) is not monoclonal. That mecha-
nism is shared by a variety of acute
leukemia viruses and sarcoma viruses
(including the avian sarcoma virus iso-
lated by Rous). The genetic event that
leads to the requisite combination of

RETROVIRUS CATEGORY GENOME STRUCTURE EXAMPLES
CHRONIC [ — ' —{=] MuLV
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ACUTE LEUKEMIA VIRUSES [—— o — ASV
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LEUKEMIA-CAUSING RETROVIRUSES can be divided into three groups according
to their genetic structure and pathogenic mechanism. The basic retroviral genome in-
cludes DNA sequences that code for the core proteins, reverse transcriptase and the viral
envelope proteins; they are known as gag, pol and env respectively. The chronic leukemia
viruses, such as mouse leukemia virus (MuLV), have only those three types. The acute
leukemia viruses, or sarcoma viruses, have another DNA sequence: a cellular gene known
as an onc gene, which is involved in regulating cell growth. Among the sarcoma viruses is
the avian sarcoma virus (ASV). The third group, the frans regulating viruses, includes
HTLV-I and its relative HTLV-II; it is defined by the presence of a gene called tat.

cellular and viral DNA is rare, how-
ever, and these viruses are of little gen-
eral consequence.

Much commoner are the chronic
leukemia viruses, including avian leu-
kemia virus (ALV) and mouse leu-
kemia virus (MuLV). They lack an
onc gene and the disease they cause
is much more like the natural human
malignancies: only a minority of in-
fected animals develop leukemia; the
leukemias appear only after a long la-
tency; the tumors are clonal. But there
is a critical difference between their
mechanism and that of HTLV-1. For
these viruses to cause disease, the pro-
virus must integrate in a specific spot,
enabling regulatory sequences in the
viral DNA to interact with nearby
cellular genes that promote cellular
proliferation. HTLV-I, on the other
hand, is apparently pathogenic no
matter where in the genome its pro-
virus integrates.

In addition to guiding ongoing re-
search, the contrast between the
chronic leukemia viruses and HTLV-I
helped to clear up an old puzzle. As I
noted above, much of the doubt that
human retroviruses would ever be
found stemmed from the fact that
electron microscopy failed to detect
virus particles in human tumor cells.
As the mechanism of HTLV-I unfold-
ed, a possible reason for the low level
of virus in the cancer cells became
clear. Since HTLV-I can trigger the
chain of events leading to a tumor by
integrating anywhere in the cellular
genome, its mechanism requires few
virus particles. In contrast, the mecha-
nism of the chronic leukemia viruses
depends on integration in a specific lo-
cation, and extensive replication may
be a way of helping to ensure that at
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least one copy of the provirus reaches
the right spot.

Action at a Distance

Clearly there are significant differ-
ences between the modes of action of
the two types of virus. Yet it is general-
ly assumed that both mechanisms ulti-
mately affect the activity of cellular
genes controlling proliferation. The
provirus of the chronic leukemia vi-
ruses does so by virtue of its proxim-
ity to those cellular sequences. The
HTLV-I provirus, on the other hand,
may be integrated anywhere in the
cell. If HTLV-I is to turn on the
growth-promoting genes, it must do so
by acting at a distance. Molecular bi-
ologists call such mechanisms trans-
acting. What is the fransacting mech-
anism of HTLV-1?

The beginning of an answer came
when Seiki and Yoshida worked out
the nucleotide sequence of the provi-
rus and found a region, novel among
known retroviruses, that they called X.
They noted that X could potentially
encode four proteins. Wong-Staal and
my colleague George Shaw, in col-
laboration with William Haseltine of
the Dana-Farber Cancer Institute,
soon identified a segment of X that
turned out to be the gene for one of the
four. The gene, common to all isolates
of HTLV-I, was called tar for trans-
acting activation. It has since been
shown that the protein encoded by the
tat gene is essential to the transforming
effects of the virus in culture.

A clue to what rar might be doing
came from some early attempts to
grow T cells. As I have described, we
had found that some malignant T'cells
could be grown with IL-2 without any
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prior activation. Ordinarily IL-2 is in
short supply in the body and the genes
for the IL-2 receptors are turned off.
Our findings, however, suggested that
the genes for IL-2 might be turned on
and kept on in the malignant cells. In
an exciting recent experimental result
my colleague Warner Greene found
that when the rar gene was inserted
into human T cells, the cells not only
made IL-2 but also began to produce
IL-2 receptors. It seems probable that
early in transformation the rar gene in-
duces the production both of IL-2 and
of its receptors; the doubly induced
cells then undergo abnormal growth.
Yet there must be other events in the
pathway leading to malignancy, be-
cause by the time a patient has full-
blown ATL the leukemic cells neither
make nor need IL-2. In addition, at the
stage of frank leukemia none of the vi-
ral genes, including rat, are expressed
at detectable levels in the tumor cell. It
is likely that after transformation is
initiated by zat the infected cell prolif-
erates extensively. But a second (and
perhaps a third) genetic event must be
needed to make the cancerous state fi-
nal in some of the descendant cells.
Intriguingly, the product of the rar
gene has a role in viral replication as
well as in initiating cancer. At each end
of the provirus is a stretch of DNA
called the long terminal redundancy,
or LTR. The LTR’s include sequences
that regulate the expression of the vi-
ral genes and thereby determine the
rate at which the components of the
virus (RNA and proteins) are made.
By interacting with some of the reg-
ulatory sequences, the rar protein can
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quickly increase the level of produc-
tion of new virus particles. This may
be of great benefit to HTLV-I, which
replicates only during a restricted por-
tion of the cellular life cycle (when the
T cells are activated) and probably
needs to exploit this brief “window” to
the full.

Other Avenues

That, for the moment, is a capsule
summary of what is known about the
mechanisms of HTLV-I on the level
of molecules. While work proceeds
on the molecular mechanisms, several
other avenues of investigation are also
being pursued. One concerns the range
of diseases with which the virus is as-
sociated. In addition to being the direct
cause of 7-cell malignancies in adults,
HTLV-I may be an indirect contribut-
ing factor in several other pathological
conditions.

For example, Essex has suggested
that people infected with the virus are
prone to other infections, perhaps be-
cause some infected T cells, although
not transformed, are functionally im-
paired. Such infected “normal” Tcells
may also contribute to leukemias of
another type of white blood cell—the
B lymphocyte—that are observed in
some patients from endemic areas of
the Caribbean. (The connection be-
tween the infected 7 cells and the
ieukemias of B cells may point the way
toward a deeper understanding of how
leukemia develops.) Finally, recent
work has shown that HTLV-I is asso-
ciated with a neurological disease re-
sembling chronic multiple sclerosis. It

LTR

NN

i

e ~TAT PROTEIN

LTR

ANV

AN A NN NN NN NN

CELLULAR
REGULATORY
SEQUENCE

TAT PROTEIN has crucial roles in the replication of HTLV-I and in the transformation
of the host cell into the cancerous state. The tat gene lies near one end of the provirus,
next to a stretch of DNA called the long terminal redundancy, or LTR (/). The paired
LTR’s regulate the activity of other viral genes. By binding to the LTR’s the tat protein
can help to control the rate of viral replication (2). By binding to cellular regulatory
sequences (which may control the genes for IL-2 and its receptor) the tar protein may
induce the host cell to proliferate abnormally, perhaps the first step toward malignancy.
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seems clear that the overall impact of
HTLV-I on public health is just begin-
ning to be recognized.

Work is also proceeding on the sec-
ond human retrovirus, HTLV-II,
which was discovered in 1982 by my
group in a collaborative study with
David W. Golde of the University of
California School of Medicine at Los
Angeles. The first isolate came from a
line of T cells taken from a young
white man who had a 7-cell variant of
a disease known as hairy-cell leuke-
mia. HTLV-II differs subtly in form
and function from its viral cousin and
is associated with less aggressive T-cell
leukemias. In the most significant
ways, however, the two viruses are
quite similar (as was demonstrated by
Golde and his co-worker IrvinChen as
well as by my colleagues Wong-Staal
and Edward Gelman). HTLV-I and
HTLV-II have the same overall geno-
mic structure, and there is consider-
able overlap in nucleotide sequence.
They show the same capacity for
transforming cells in culture. More-
over, they share the same transacting
mechanism, and a rat gene product—
designated tar II—has been found in
the new virus.

The diseases caused by HTLV-I and
HTLV-II are (except in the endemic
areas) relatively rare. This may not al-
ways be the case. There is evidence
that both viruses are spreading among
some populations that are at increased
risk of infection, particularly intrave-
nous drug users. Disturbed by such
findings, the Red Cross is currently
carrying out a survey to determine
whether it is necessary to screen donat-
ed blood for these viruses, as is already
being done for HTLV-III. By the time
this article appears a decision will
probably have been made; early indi-
cations are that it will be positive.

Our growing knowledge of the first
human retroviruses is the result of a
search that began as early as 1910. In
that long history one episode—the iso-
lation of HTLV-I and its linkage to a
human cancer—was critical. That ac-
complishment rested on two precondi-
tions. The first, a sensitive assay for
the virus, was provided by the discov-
ery of reverse transcriptase. The sec-
ond was the establishment of a method
for growing T cells in the laboratory.
Without a method for culturing Tcells
there could have been no test for
screening blood, no monoclonal anti-
bodies for epidemiological surveys
and no DNA probes for understanding
the molecular mechanisms of the vi-
rus. These techniques form the basis of
a method that took on the utmost sig-
nificance when the world was struck
by the first great pandemic of the sec-
ond half of the 20th century: AIDS.
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Summary:

Remarkably strong ceramics
have been developed over the
past few years. They have not
been widely used in high-stress
environments, however,
because of their brittle nature
and relatively low toughness.
But that is changing as research
by GTE reveals new ways to
achieve high levels of tough-
ness in a growing range o
ceramics.

Ceramic science has made enormous
strides in recent years. But the same
old problem has continued to plague
researchers:

Ceramics fail catastrophically, in a
brittle manner.

At GTE, we are learning how to
produce ceramics approaching metal-
like toughness, and with strength lev-
els even higher than presently
available.

The next step:

STRESS

Traditional ceramic ball shatters

when impacted onto a hard

surf

absorbs the punishment and

bounces.

The science of
graceful failure.

In traditional brittle ceramics,
increasing stress causes increased
strain until a critical value is reached,
at which point, a crack begins and
propagates catastrophically, and the
component and/or part fails.

“FORGIVING" COMPOSITE

‘/ CERAMIC

Initial
Crack Arrested

LY

NORMAL BRITTLE
CERAMIC

STRAIN

Traditional ceramics fail catastrophically at
critical stress levels. Toughened ceramics
(thicker line) retain significant load-bearing
capability after initial cracking.

. A toughened ceramic ball
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Toughened ceramics, on the other
hand, fail more gracefully. A crack,
once initiated, travels only a short
distance before it is deflected or
arrested by the toughening agent,
using up a portion of the energy that
produced the crack. This process is
repeated many times, in effect allow-
ing the ceramic to retain significant
load-bearing capability after a crack
is initiated.

In theory, there are several ways to
toughen ceramics. At present, GTE
is studying two of the most promising:

Tougher by a whisker.

Dispersing discrete solids through-
out the ceramic matrix increases frac-
ture toughness by promoting crack
deflection. We are currently studying
the effect of dispersoid size and
shape (equiaxed particles vs. whis-
kers), as well as composition.

For example, SiC and TiC whis-
kers are being studied as dispersoids
in silicon nitride, alumina and other
ceramic matrices with great success.
Toughness has been improved by as
much as 40%.




toughened ceramics.

Second Phase toughening.
Utilizing a mechanism similar to
precipitation hardening in metals,
ceramics can be toughened by the
precipitation of a second phase. Opti-
cally transparent yttria radomes are
being toughened with lanthana pre-
cipitates by as much as 35%. We are
also studying transformation tough-
ening dispersants in silicon nitride.

The golden age of

ceramics.

GTE scientists are developing
ceramics that are more and more
“forgiving,” more resistant to stress-
induced cracking. Ceramics that can
“carry the load” after a crack occurs.

There are already on the market
tough ceramic cutting tools that out-
perform the best carbide tools. And

now, through GTE research, tough-
ened ceramic radomes, wear parts
and heat-engine components may
soon be commonplace.

To learn more about GTE'’s activi-
ties in this field, you are invited to
request any of the papers listed at
right. Write GTE Marketing Ser-
vices Center, Department TC, 70
Empire Drive, West Seneca, NY
14224, or call 800-833-4000.

GTE
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Pertinent Papers

WH. Rhodes, J.G. Baldoni, and G.C.
Weli, “T he Mechanical Properties of
La,0;-Doped Y,0,,” presented at the
Annual Meeting of The American
Ceramic Society, May 8, 1985,
Cincinnati, OH (Paper 175-B-85).

A.E. Pasto, “Toughened Ceramics: An
Industry Viewpoint,” outline of
presentation at t he topical symposium
“Recent Developments in Ceramic
Science,” Sandia National
Laboratories, October 1985.

S.T. Buljan, J.G. Baldoni, and M.L.
Huckabee, “Si;N,-SiC Composites,” to
be published in The American
Ceramic Society Bulletin, 1987.

J.G. Baldoni, S.T. Buljan, and VK.
Sarin, “Particulate Titanium
Carbide-Ceramic Matrix Composites,”
427-58, Inst. Phys. Conf.Ser. #75:
Clap Adam Hilger Ltd., Bristol,
England.

S.T. Buljan, J.T. Neil, A.E. Pasto, J.T.
Smith and G. Zilberstein, “Silicon
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presented at the International
Conference on Non-Oxide Technical
and Engineering Ceramics, Limerick,
Ireland, July 10-12,1985. Conf erence
proceedings to be published by
Elsevier Applied Science, 1986.




The Functional Architecture
of the Retina

Dozens of kinds of cells have specialized roles in encoding the

visual world. New techniques have made it possible to study the

arrangement and interconnections of entire populations of cells

he retina encodes the visual

world. It transforms optical im-

ages into trains of nerve im-
pulses, which are then conducted
along the optic nerve to the brain. The
brain interprets those signals to gen-
erate visual perception: a subjective
sense of the shapes, colors and move-
ments that surround the observer. The
retina is more than just a bank of pho-
tocells, however. This thin sheet of
neural tissue at the back of the eye is
an outpost of the central nervous sys-
tem. Its circuits of interconnected neu-
rons, or nerve cells, carry out a form of
image analysis: certain features of the
raw visual input are accentuated and
other features are downplayed.

The effort to understand how light
signals are transduced into neural ac-
tivity and how that activity is trans-
formed has intrigued neurobiologists
for many years. The general nature of
the retina’s encoding of the visual
world—the relation of its output to its
input—was established first. A skeletal
view of the means by which the coding
is accomplished was attained by the
early 1970’s. The retina was known to
be composed of five main classes of
neurons. They are connected to one
another by synapses: points of close
apposition where the chemical mes-
sengers called neurotransmitters are
released by one neuron to affect the
next neuron. Three of the five classes
of retinal neurons form a direct path-
way from the retina to the brain. These
are the photoreceptors (the rod cells
and cone cells), the bipolar cells and
the ganglion cells. The remaining two
classes of retinal neurons, the horizon-
tal and the amacrine cells, form later-
ally directed pathways that modify
and control the message being passed
along the direct pathway.

Until recently it seemed that these
five classes of cells exactly defined
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the retina’s functional elements. Each
class of cells was thought to carry out
a single kind of task; to understand the
retina’s internal codes, neurobiologists
should have only to decipher the inter-
actions of these relatively few basic el-
ements. Now, instead, it has become
clear that the retina has many more
than five functional elements. The five
cell classes harbor subtypes so distinc-
tive that the true number of functional
elements may be as high as 50.

The task, then, is to learn why so
many cell types are required. It is very
far from having been completed, but
in the past few years important prog-
ress has been made. A significant ad-
vance has been the development of
ways to examine the shapes and the ar-
rangement in the retina of entire popu-
lations of nerve cells.

A} understanding of precisely how
the mammalian retina codes visu-
al information began in 1952 with a se-
ries of experiments on ganglion cells,
the cells whose axons form the optic
nerve. These first experiments, carried
out by Stephen W. Kuffler at the Johns
Hopkins University School of Medi-
cine, sought to answer the question:
How does the electrical activity of
ganglion cells change in response to
light? Kuffler recorded the electrical
activity of single ganglion cells. He
found that most of them fire a contin-
uous stream of action potentials, or
nerve impulses, along their axons even
in the absence of light. A ganglion cell
responds to the presence of light by
markedly increasing or decreasing its
rate of firing.

Mapping the surface of the retina of
anesthetized cats with small spots of
light, Kuffler stimulated specific re-
gions of the retina and measured the
electrical response of individual cells.
He found that each ganglion cell has a

© 1986 SCIENTIFIC AMERICAN, INC

precise area of the visual field to which
it responds: its receptive field. The size
of the receptive field varies, but it is
generally quite small. In the cat the
centers of the smallest receptive fields
occupy a region of the retina about
120 micrometers (thousandths of a
millimeter) in diameter. If the cat
looks at a wall two meters away, each
such ganglion cell reports on an area
roughly a centimeter in diameter.

The cells Kuffler studied can be di-
vided into two populations: those that
are stimulated and those that are in-
hibited when the center of their recep-
tive field is stimulated. Moreover, the
centers act in opposition to the region
encircling them: the surround. If stim-
ulation of the receptive field’s center
excites the cell, stimulation of the sur-
round inhibits it. Conversely, if the
center is inhibited by light, the sur-
round is excited by it. In other words,
the surround is “antagonistic”’; the cell
carries out a simple form of contrast
enhancement.

A very different kind of ganglion
cell was soon identified: the direction-
ally selective cell, whose receptive
field responds to the direction of a
moving stimulus. (It turned out to be
only one of a series of cells having
complex stimulus selectivities, but it is
the most abundant and well studied of
them and can serve as a prototype.)
Directionally selective cells were dis-
covered in the frog by Jerome Y. Lett-
vin, Humberto R. Maturana, Walter
H. Pitts and Warren S. McCulloch of
the Massachusetts Institute of Tech-
nology. It was not until several years
later, however, that the exact proper-
ties of these cells were elucidated in a
series of classical experiments carried
out on rabbits by Horace B. Barlow
and William R. Levick of the Universi-
ty of Cambridge.

The behavior of a directionally se-



ISOLATED RABBIT RETINA, a sheet of neural tissue lining the
inside of the back of the eye, is seen in a photograph made by the
author. The retina, whose average thickness is only about a tenth
of a millimeter, is essentially transparent. Light passes through it
to strike the rod and cone cells, which are near its back surface.
These photoreceptors transduce the light signal into a neural sig-
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nal, which is relayed by successive layers of retinal neurons; ulti-
mately the signal excites ganglion cells, whose axons form fibers
(white filaments) that join to form the optic nerve. Two pairs
of blood vessels are seen crossing the front surface of the retina.
Methods for isolating the living retina from the eye were first de-
veloped by Adelbert Ames III of Massachusetts General Hospital.
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lective cell varies depending on wheth-
er the light stimulus is moving or sta-
tionary. If one maps the cell’s recep-
tive field with a stationary light, the
cell responds uniformly throughout its
receptive field. When a spot of light is
moved slowly across the cell’s recep-
tive field, however, the behavior of
the cell changes dramatically: it fires
a sustained train of action potentials
when the spot moves in one direction
and fires little or not at all when the
spot moves in the opposite direction.
These early results defined basic ques-
tions about retinal circuits. What es-
tablishes a ganglion cell’s receptive
field? How can neuronal machinery
transform the optical input so selec-
tively? To find answers one must look
at the retina’s internal components in
more detail.

s I mentioned above, the retina can

be said to have two sets of neu-
rons: those that establish a direct path-
way from the source of light to the op-
tic nerve and those that make lateral
connections. It was immediately obvi-
ous that the antagonistic surround ob-
served for some ganglion cells could
be accounted for if the retina’s lateral-

ly conducting neurons function in op-
position to the through-pathway neu-
rons. In other words, when the center
of a ganglion cell responds to light (by
way of the direct pathway), its sur-
round (which acts in opposition) might
be driven by stimuli transmitted by
way of horizontal or amacrine cells. A
role for horizontal cells received cru-
cial support when it was learned that
bipolar cells have antagonistic sur-
rounds. Since the bipolar cell is the
only cell that conducts from the outer
retina (where horizontal cells reside)
to the inner retina, no other machinery
was needed to explain the existence of
antagonistic surrounds.

Other lateral neurons, the amacrine
cells, regulate the behavior of certain
ganglion cells (including the direction-
ally selective ones) that exhibit a tran-
sient response to stimulation by light.
When light strikes the retina, these
cells immediately fire a burst of action
potentials, but they cease firing in the
presence of continued light stimula-
tion. Transient behavior is not exhib-
ited to this degree by photoreceptor,
bipolar or horizontal cells. It is, how-
ever, characteristic of many of the
amacrine cells. One role of amacrine

cells, then, is presumably to sharpen
the transient responses of certain gan-
glion cells, including the directionally
selective ones.

Amacrine cells must have more
roles than that, however. These cells
come in a bewildering variety; a single
retina may contain as many as 30 mor-
phologically distinct types. If ama-
crine cells had no function other than
to make the response of some ganglion
cells transient, one might reasonably
expect there to be only one kind of am-
acrine cell, or certainly no more than a
few kinds.

The diversity of amacrine cell
shapes had been reported as far back
as 1892 by the great Spanish neuro-
anatomist Santiago Ramoén y Cajal.
For a long time his findings were disre-
garded. Among other possibilities, one
could always argue that the different
cell shapes he described were merely
variants: cells that look different but
have the same function. It was not un-
til the late 1960’s, when Berndt Ehin-
ger of the University of Lund in Swe-
den began studying amacrine cell bio-
chemistry, that the true diversity of
amacrine cells was recognized. Ehin-
ger applied to the retina newly devel-

RETINAL NEURON, a horizontal cell, was injected with the flu-
orescent dye Lucifer Yellow, which stains all the cell’s processes.
A terminal arborization of the cell is seen in a photomicrograph
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made by Julie H. Sandell. Information flows laterally along such
a cell’s branches and small twigs to the buttonlike terminal bou-
tons, which make synaptic contact with other cells in the retina.



oped methods for identifying neuro-
transmitters in thin sections of neural
tissue. He found that a large number
of the neurotransmitters known to be
present in the brain were also present
in retinal neurons. The surprising thing
was that all these neurotransmitters
were found in one or another amacrine
cell, each neurotransmitter in a subset
of the amacrine cells. This implied that
there are many distinct subsets of ama-
crine cells.

A first Ehinger’s results were viewed
with some skepticism. The meth-
ods were new, and one could argue
that they had overestimated or under-
estimated the amacrine cell popula-
tions. Yet subsequent studies by other
investigators led to the same results.
Among these was a study, carried out
by John W. Mills and me at Massachu-
setts General Hospital, of amacrine
cells that synthesize the neurotrans-
mitter acetylcholine. We incubated
isolated rabbit retinas in the presence
of radioactively labeled choline, the
precursor from which the cells synthe-
size acetylcholine. Our next objective
was to immobilize acetylcholine for
autoradiography (a method for local-
izing radioactivity in tissue sections) so
that we could determine which cells
had synthesized acetylcholine. To do
this we used a fast-freezing method.
Samples of living retinas were plunged
directly into propane at — 180 degrees
Celsius, the tissues were freeze-dried
and then prepared for autoradiogra-
phy by methods that keep them from
coming into contact with moisture.

These methods are tedious, but they
have a special advantage: the tissue’s
acetylcholine is immobilized within
a few milliseconds by the freezing.
When it is subsequently located by
autoradiography, it must still be with-
in the cell where it originally belonged.
The technique thus eliminates some of
the uncertainties that attended earlier
methods for identifying neurotrans-
mitters in cells. The labeling was sharp
and distinctive: a cell was either dense-
ly labeled or not labeled at all. Ace-
tylcholine was present only in a very
small subset of amacrine cells. As time
went on, other laboratories also con-
firmed Ehinger’s fundamental finding.
As he had suggested, different neuro-
transmitters are confined to small sub-
sets of amacrine cells.

Knowing this, one could try to link
particular neurotransmitters to mor-
phologically distinct types of ama-
crine cells, such as those described by
Ramoén y Cajal. It was quickly learned
that amacrine cells having different-
ly shaped dendritic trees could be
matched with particular neurotrans-
mitters. Among the evidence, more-
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CONCENTRIC RECEPTIVE FIELD has a central region in which stimulation by light
has one effect on a ganglion cell’s firing (recorded by a microelectrode measuring the
activity of a single axon in the optic nerve) and a surrounding region in which the effect is
the opposite (fop). In the case of an on-center cell, stimulation of the center causes an
increase in activity (bottom left), stimulation of the surround a decrease (bottom right).
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DIRECTIONALLY SELECTIVE CELL responds when a spot moves in one direction (to
the right in this diagram) and is inhibited when the spot moves in the opposite direction.
The direction of movement is detected wherever the spot may fall in the receptive field.
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over, was work by Nicholas C. Brecha
and Harvey J. Karten of the State Uni-
versity of New York at Stony Brook
showing that not only the tradition-
al neurotransmitters but also many of
the body’s neural peptides (a large
family of newly discovered peptide
neurotransmitters) are present in dis-
tinct amacrine cells. This finding in-
creased the diversity of amacrine cells
beyond all expectations.

The discovery that shape and synap-
tic chemistry are interrelated in ama-
crine cells had a second and crucial-
ly important consequence. It removed
any remaining doubt that amacrine
cells having different shapes have dif-
ferent biological functions. When a
neurotransmitter binds to a receptor
on a postsynaptic cell, that cell under-
goes specific biochemical and physi-
ological changes. If various amacrine
cells have both different shapes (which
imply different connections within the
retina) and different neurotransmit-
ters, they must have differing biologi-
cal roles. What role could 30 different
amacrine cells possibly have? Each
type undoubtedly has its specific func-
tion, but there seem to be far more
kinds of cells than there are jobs for
them to do. In my laboratory and in
others some of these jobs are now be-
ginning to be revealed. Here I shall de-
scribe work with four very different
amacrine cells.

he first of these cells has already

been mentioned. It is the choliner-
gic, or acetylcholine-containing, ama-
crine cell that was identified by auto-
radiography. One drawback to autora-
diography was that it reveals the cell
body of a neuron but not the proces-
ses: the axons and dendrites that trans-
mit and receive messages. In fact, the
major anatomical method for seeing
the processes was the Golgi tech-
nique—the very method Ramoén y Ca-
jal used in the 19th century. That
method cannot be controlled: it stains
an entire cell, but the investigator can-
not choose the cell ahead of time.

A substitute for the Golgi technique
was suggested by my discovery that
a fluorescent molecule, 4,6-diamidino-
2-phenylindole (DAPI) accumulates se-
lectively in the cell bodies of the cho-
linergic neurons. If one treats an entire
retina with pAPI and then mounts the
retina flat, the cholinergic neurons flu-
oresce beautifully against the darker
background. This made it possible for
Masaki Tauchi, a postdoctoral stu-
dent, and me to guide a fine micropi-
pette to a cell and inject it with a dif-
ferent fluorescent dye, Lucifer Yel-
low CH. The Lucifer Yellow diffuses
through the cell’s entire network of
branches. The results were perfectly



WIDE VARIETY of amacrine cells is displayed in this drawing,
published in 1892 by the eminent Spanish neuroanatomist Santia-

consistent: all the fluorescent cells had
the same shape and branching pattern.

This method not only showed us the
true shape of the cholinergic cells but
also enabled us to reconstruct the mo-
saic they form as they blanket the reti-
na. To see why this was important one

TWO OTHER AMACRINE CELL TYPES are stained by the
same method. A retina was treated in such a way that the cell
bodies of dopaminergic amacrine cells fluoresce in green, those of

must again think about the job the reti-
na does. The retina must, above all,
preserve spatial resolution; any failure
would compromise the acuity with
which the animal can see. The density
and spatial arrangement of the retina’s
intermediate elements—through which

go Ramoén y Cajal, of amacrine cells in the carp retina. He was
able to distinguish 14 cell types on the basis of their shape alone.

visual information must pass—thus
provide important information about
the role those elements can play within
the system as a whole. Pioneering anal-
yses of retinal cell mosaics had been
done by Brian B. Boycott and Heinz
Wissle at King’s College London for

CHOLINERGIC AMACRINE CELLS (which contain the neuro-
transmitter acetylcholine) are stained by a technique devised by
Masaki Tauchi and the author. A retina is mounted flat as an in-
tact sheet. The cholinergic amacrine cell bodies selectively accu-
mulate DAPI, a blue fluorescent dye (/eft). This makes it possible

to guide a micropipette that has been filled with another dye, Lu-
cifer Yellow CH, into an individual amacrine cell under illumina-
tion that makes both dyes fluoresce (center). Under different illu-
mination (right) only the Lucifer Yellow fluoresces, revealing the
distinctive branching pattern of the cholinergic cell’s dendrites.

© 1986 SCIENTIFIC AMERICAN, INC

indoleamine-accumulating amacrine cells in yellow (lefr). Injec-
tion of individual cells shows the specific dendritic shapes of dopa-
minergic cells (center) and indoleamine-accumulating cells (right).
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MOSAICS of different amacrine cells cover the retina differently. Three cell types are
shown, all in flat view. Individual cells are at the left; the drawings at the right show an
approximation of the mosaic that would result if all the cells of a class were stained
simultaneously. Cholinergic cells are numerous and their branching dendrites form an
almost uninterrupted meshwork (fop). The mosaic of AII amacrine cells is sparser (mid-
dle): there is more space between their dendrites. Dopaminergic cells are sparser still
(bottom). The drawings were synthesized on the basis of average cell shape and density.
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two cells that can be stained as entire
populations by classical methods. Our
fluorescence methods make it possible
to study many other cells.

When Tauchi and I measured the
size and density of the cholinergic
cells, we found a surprising result. The
cells overlap one another a great deal.
In the peripheral retina, where the
overlap is greatest, a point on the reti-
nal surface is overlaid by the processes
of some 140 cholinergic amacrine
cells. Boycott and Wissle’s work had
suggested that the overlap would
be slight. Such enormous redundancy
was entirely unexpected.

A possible explanation for the re-
dundancy was suggested by the kinds
of stimuli the cholinergic amacrine
cells can resolve. From previous elec-
trophysiological work we knew that
cholinergic amacrine cells excite cer-
tain ganglion cells, among them the
directionally selective ones. We knew
that these ganglion cells can detect the
movement of very small spots—spots
smaller than their dendritic field. The
spots are also much smaller than the
dendritic field of the cholinergic ama-
crine cells. Because most neurons si-
multaneously transmit the same mes-
sage across all their synapses, an ama-
crine cell would be expected to release
acetylcholine from all points on its
dendritic tree whenever any one point
was excited. How can a cell that is so
spread out transmit precise informa-
tion about stimuli smaller than itself?

Our best guess is that the dendrites
of the amacrine cell are electrically
isolated, enabling one region to release
acetylcholine to a ganglion cell local-
ly without there being any release at
more distant sites. This is consistent
with the structure of amacrine cells, in
which inputs and outputs exist side by
side on the same process. The electri-
cal activity of the cholinergic ama-
crine cells consists only of graded elec-
tric potentials; the cells do not gen-
erate nerve impulses, which would
propagate throughout their dendritic
trees. The activity should therefore not
spread much beyond the point of in-
put. Although direct proof that this
mechanism exists is currently beyond
our capabilities, there seems to be no
other way to explain the resolution of
the directionally selective cell. More-
over, such a mechanism makes the
tight meshwork of cholinergic ama-
crine cell dendrites an actual advan-
tage: a small stimulus can be detected
no matter where it may fall within the
ganglion cell’s receptive field.

he second type of amacrine cell I
shall describe is the AII cell, which
differs from the cholinergic cell in that
it has an extremely narrow lateral



spread. David Vaney of the University
of Cambridge was able to describe the
mosaic formed by AII cells by adapt-
ing our fluorescence-guided injection
method. These cells are abundant and
cover the entire surface of the retina,
but they are so small that their den-
drites do not overlap much.

Several other workers have studied
AII cells, including Helga Kolb and
Ralph F. Nelson of the National Insti-
tutes of Health, Barbara A. McGuire,
Peter Sterling and John K. Stevens of
the University of Pennsylvania School
of Medicine and Ramon F. Dacheux
and Elio Raviola of the Harvard Med-
ical School. As a result of their pains-
taking work there is now an answer to
a question posed several years ago by
Kolb and Edward V. Famiglietti: How
can ganglion cells fire in response to
dim light even though they do not re-
ceive a direct synaptic input from the
bipolar cells that are activated by rod
photoreceptor cells? Only rod cells re-
spond to dim light, and cats (like most
mammals) can see in dim light. Yet the
anatomical evidence in cats indicated
that their ganglion cells receive little
or no direct input from rod-driven bi-
polar cells.

A major part of the answer lies with
the AIl amacrine cell. This cell has two
apparent functions. Like many other
amacrine cells, it transmits a transient
response to light to the ganglion cells,
thereby sharpening their response to
the onset of stimulation. But it also
serves to connect rod-activated bipo-
lar cells to ganglion cells. By doing so
it allows the ganglion cells to function
under both bright and dim light condi-
tions. In fact, the AIl amacrine cell by
virtue of these connections becomes
part of the retina’s through pathway.
The flow of information is from rod
photoreceptor to bipolar to AIl ama-
crine to ganglion cell. It makes sense
that the AII amacrine cells are small
and densely packed: they thereby keep
the level of acuity high along that cru-
cial path.

he third cell, like the first, is identi-

fied by its neurotransmitter, in this
case dopamine. Tauchi and I found we
could use the same kind of fluorescent
injection method on these cells as on
the cholinergic cells. What is notable
about the dopaminergic cells is their
scarcity in the retina. To give an exam-
ple, the rabbit retina incorporates (in
round numbers) some 350,000 gangli-
on cells and 300,000 cholinergic ama-
crine cells but only some 8,500 dopa-
minergic amacrine cells. Furthermore,
the dendrites of the dopamine-con-
taining cells are few and are thinly
branched, resulting in a mosaic that is
full of spaces, not densely packed as in
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RESOLUTION of the cholinergic amacrine cell may be explained by the fact that its
dendrites are both input and output processes and can act in isolation from the rest of the
cell. Cholinergic amacrine cells are shown schematically (color) in a vertical section of
the full retina (fop). The edges of a moving spot in a ganglion cell’s receptive field (mid-
dle) excite only particular regions of the mosaic of amacrine cell dendrites (bottom); the
cholinergic dendrites thereupon excite the ganglion cell only in the illuminated region.
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AII AMACRINE CELL (color) is positioned between rod-driven bipolar cells and gan-
glion cells (lefr). It provides a bridge between a rod-driven bipolar cell and a ganglion
cell (right). In this drawing the cell’s connections are shown schematically; an AII ama-
crine cell actually is connected to different types of ganglion cell by different pathways.
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INDOLEAMINE-ACCUMULATING CELLS (color) come in
five shapes. Four are like other amacrine cells; one is unusual,
bridging between the outer and inner synaptic layers. They all

the case of the other amacrine cells
discussed here.

Although the precise function of the
dopaminergic cells is not known, the
loose mosaic does clearly suggest that
these cells are not involved in activities
that require a high degree of spatial
resolution. Whereas the exceptionally
densely packed mosaic of the choliner-
gic amacrine cell makes possible the
exact resolution of a small spot cross-
ing the retina, in the dopaminergic
cells a small spot would often fall on
one of the holes in the mosaic. In other
words, it is unlikely that the dopamin-
ergic cell controls any of the obvious
features of the ganglion cell’s recep-
tive fields. Electron microscope obser-
vations by John E. Dowling and Ehin-
ger, working at Harvard, show that do-
paminergic cells have synapses only
with other amacrine cells. They have
no direct connection to the retina’s pri-
mary through pathway. Moreover,
electrophysiological experiments indi-
cate that the dopaminergic cells affect
the activity of ganglion cells in a vague
way that is hard to define. One possi-
bility is that they have some rather dif-
fuse function, such as mediating the
overall excitability of the inner retinal
neurons.

The last amacrine cell to be dis-
cussed is distinguished experimentally
by its accumulation of chemical ana-
logues of the neurotransmitter seroto-
nin. Because serotonin and the ana-
logues are indoleamines, the cells are
termed “indoleamine-accumulating.”
After labeling the retina with a fluo-
rescent serotonin analogue, 5,7-dihy-
droxytryptamine, Julie H. Sandell (a
postdoctoral student) and I were able
to examine these cells and study their
morphology.

We found that this class of amacrine
cells can be subdivided into five dis-
tinct morphological types. They have
so many features in common, howev-
er, that it is best to consider them a
family of cells rather than functional-
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ly independent cell types. There are
many reasons for this. First, their den-
drites share a family resemblance in
size, shape and branching pattern that
sets them apart from the dendrites
of other amacrine cells. Second, they
transport and accumulate the same
serotonin analogue. Finally, and most
important, their dendrites all partici-
pate in a dense plexus, or network, lin-
ing the innermost margin of the inner
synaptic layer. There the cells make a
characteristic synapse, called a recip-
rocal synapse, with a terminal of the
rod-driven bipolar cell.

It is outside the plexus that the dif-
ferences among these cells manifest
themselves, and this is reflected in
their synaptic connections and their
overall shapes. Because the indole-
amine-accumulating cells branch ex-
tensively and are in contact with many
if not all rod-driven bipolar cells, they
are thought to have a major influence
on the pathway by which dim light
passes through the retina. The logical
conclusion is that the five indole-
amine-accumulating cells represent
five different pathways by which other
retinal neurons can interact with rod

bipolar cells.
R this small sample of the amacrine
cells makes plain, the retina con-
tains a great deal of extremely sophis-
ticated circuitry. In fact, the complex-
ity of the retina is dismaying even
to neurobiologists. “The retina is sup-
posed to be a simple system,” col-
leagues typically complain. “How can
it be more complicated than other
brain structures?”’ To tease them one
canrespond that the retina seems com-
plicated only because more is known
about it. (The unspoken fear, of
course, is that the retina is not notably
complicated; if a structure thought to
be a prototype of simplicity is really
this intricate, what must the cerebral
cortex be like?) There are more serious
answers, however.

© 1986 SCIENTIFIC AMERICAN, INC

send processes to the lowest level of the inner synaptic layer,
where most or all of them synapse with rod-driven bipolar cells.
They appear to provide five pathways to a common end point.

The first answer is that the overall
task of the retina, the conversion of
light signals into meaningful trains of
nerve impulses, demands complex ma-
chinery. This article has addressed
only one aspect of the retina’s coding
of visual input: the organization of two
kinds of ganglion cell receptive fields.
I have completely omitted, for exam-
ple, the retina’s remarkable ability to
alter its own sensitivity levels. It does
so through internal adjustments in re-
sponsiveness, which take place at ev-
ery stage in the retinal hierarchy. It is
these adjustments that enable most
mammals to see effectively in both
sunlight and starlight, a 10-billionfold
range in light intensity. Retinas are
also able to transmit information to
the brain about the wavelengths of the
light they receive, enabling human be-
ings and some other vertebrates to see
colors. Given the sophisticated tasks
accomplished by the retina, it makes
sense that its wiring is complicated.

A second answer is that sophisticat-
ed circuitry may be required even for
what seem to be straightforward tasks.
There was no way to predict, for ex-
ample, that the rod bipolar cells would
be found not to synapse directly with
ganglion cells. Making the connection
by way of the AIl amacrine cells seems
illogical. Not only is it an indirect
mode of communication but also it
adds lateral spread (admittedly a small
one) to the visual pathway and thereby
threatens visual acuity. If cone bipolar
cells make contact with ganglion cells
directly, why should rod cells be any
different? The only conclusion to be
drawn is that the presence of AIl ama-
crine cells solves some problem we are
not even aware of yet.

The third and perhaps the best an-
swer is that the retina packages a lot
of complexity within a small area. All
parts of the central nervous system op-
erate under constraints of space, but
rarely is space as limited as it is in the
retina. There are two reasons for this:



retinal cells must be packed together
very tightly to maximize visual acuity,
.and the retina must be very thin (in the
rabbit about a tenth of a millimeter) so
that light can penetrate to the rods and
cones. One square millimeter of the
rabbit’s central retina overlies 9.4 lin-
ear meters of cholinergic cell dendrites
alone. Add to this the dendrites of all
the other neurons in the retina, and the
density of cell processes is staggering.
It is not surprising, then, that retinal
neurons are smaller than most other
neurons. If their cell bodies were the
same size as those of the human brain,
the human eye would be almost the
size of a tangerine. In short, the retina
is a triumph of miniaturization.

Research on the architecture of the
retina is about to enter a new and
promising phase: the reconstruction in
three dimensions of functionally relat-
ed groups of neurons. The methods we
have developed for revealing the
shapes of retinal neurons can readily
be combined with electron micros-
copy. They simplify the electron mi-
croscopist’s task by providing a guide
for following individual dendrites
through the thickets of each synaptic
layer. Furthermore, the same minia-
turization that usually presents a barri-
er to the investigation of retinal cells
becomes an advantage when one at-
tempts three-dimensional reconstruc-
tion. The close packing of retinal cells
makes it easier to examine entire reti-
nal circuits in electron micrographs of
serial tissue sections and then to recon-
struct the circuitry.

Although this kind of investigation
is now in its infancy, the value of
space-filling models is clear. Such neu-
ral reconstructions are the ultimate
description of the architecture and in-
terconnections of retinal cells. Other
kinds of inquiry will be necessary be-
fore one can say how those structures
function electrically and chemically.
When the structures are known, how-
ever, the work begun by Ramén y
Cajal nearly a century ago will have
been completed.

INNER SYNAPTIC LAYER is enlarged
some 50,000 diameters in an electron mi-
crograph (top) made by Ramon F. Dacheux
and Elio Raviola of the Harvard Medical
School. The dendrites of a number of neu-
rons can be seen; a few of them are indicat-
ed on the map (bottom). The dark material
in one dendrite identifies the dendrite as
that of an indoleamine-accumulating cell.
The usual fluorescent stain was converted
into an electron-dense material by a tech-
nique developed by Sandell and the author.
Vesicles (small circles) containing neuro-
transmitters are seen at synapses (arrows).
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How Roots Respond to Gravity

A century ago botanists discovered that a root turned on its side

curves downward rapidly in response to gravity, but the mechanism

underlying this behavior is only now beginning to be understood

by Michael L. Evans, Randy Moore and Karl-Heinz Hasenstein

no up or down. When a plant is

moved from some arbitrarily des-
ignated vertical position to a horizon-
tal one, the stem and the root continue
to grow straight; they do not return to
their initial positions. On the earth,
plants behave very differently. They
exhibit gravitropism (which used to
be called geotropism): their parts re-
orient in response to being ‘“‘gravistim-
ulated,” or repositioned with respect
to gravity. After a vertically oriented
plant is turned on its side the shoot
curves upward, away from the direc-
tion of gravity’s pull. The root, which
is the subject of our investigations,
curves downward, in the direction of
gravity. In many instances a root be-
gins to reorient within 10 to 30 min-
utes of being gravistimulated.

Although a casual observer might
suspect that such downward curvature
by roots is merely a search for water or
a passive response to gravity, neither is
the case. Roots of some plants do seek
water, but gravity has an independent
effect on the direction of root growth.
Moreover, growing roots, which are
strong enough to penetrate packed
soil, are certainly strong enough to re-
sist the direct pull of gravity; root
gravitropism arises from some other
mechanism.

Botanists have attempted to uncover
this mechanism since before the time
of Charles Darwin, whose 1881 book
The Power of Movement in Plants in-
cluded detailed descriptions of gravi-
tropism. It is nonetheless only with the
advent of the U.S. space program, and
a consequent increase in funding for
research into the effects of gravity and
zero gravity, that investigators have
made significant progress in describ-
ing the processes that underlie gravi-
tropism in roots.

Gravitropism can be divided into
three phases: perception, transduction
and response. In roots the perception,

In gravity-free outer space there is
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or initial detection, of gravity appears
to occur in the cap, which is the ter-
minal half millimeter of the root. The
response—an altered growth pattern
leading to downward curvature—takes
place somewhat behind the cap, in the
“elongating zone,” where, as the name
implies, cells elongate. Transduction,
the intermediate (and most mysteri-
ous) phase, almost certainly involves
some kind of communication between
the cap and the elongating zone, but
the exact nature of the interaction be-
tween the two regions is only now be-
ginning to be deciphered.

Ithough the root’s precise gravity-
perceiving mechanism is not un-
derstood, even Darwin recognized that
the root cap is the probable site of such
perception. The cap, he wrote in 1881,
“having the power of directing the
movements of the adjoining parts, acts
like the brain of one of the lower ani-
mals; the brain being seated within the
anterior end of the body, receiving im-
pressions from the sense-organs, and
directing the several movements.” He
was among the first investigators to
find that removal of the root cap elimi-
nates the ability of the root to respond
to gravity. Other investigators have
since confirmed the observation and
have also shown that replacing an ex-
cised cap with one from another root
restores gravitropism.

Most workers consider the gravity-
detecting portion of the cap to be the
central region called the columella,
which consists of cells rich in dense
amyloplasts: organelles that are filled
with starch grains. In vertically orient-
ed roots the amyloplasts reside at the
lower end of each columella cell, to-
ward the root tip. Within seconds after
roots are gravistimulated, amyloplasts
in the columella fall from their former
position and rapidly settle along the
new lower wall of each cell [see illus-
tration on opposite page).
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There is substantial evidence that
amyloplast displacement constitutes
the initial detection of gravity. For ex-
ample, experimentally treated roots
lacking amyloplasts do not respond to
gravity. In some cases tilting a plant on
its side for a mere 12 seconds tells the
plant that it has been reoriented; amy-
loplasts appear to be the only organ-
elles in the root cap that are signifi-
cantly displaced within such a short
period. In roots made nonresponsive
to gravity by the removal of the root
cap, recovery of responsiveness to
gravity correlates with the formation
and settling of new amyloplasts; de-
capped roots regain gravitropic sensi-
tivity in from 14 to 22 hours, the time
it takes for new amyloplasts to form
and settle in certain cells near the tip of
the decapped root.

If amyloplast settling is in fact the
root’s gravity-perceiving mechanism,
it is probably the only step of the
gravitropic response in which gravity
directly pulls down some target (in this
case the amyloplasts); the other phases
seem to be mediated by chemical ac-
tivity. Before discussing these other
phases we should note that a labora-
tory-developed mutant of one type of
plant has been described that lacks
amyloplasts in its cap yet still has a
nearly normal gravitropic response.
This finding suggests that gravitro-
pism can take place in the absence of
amyloplasts. It also suggests that amy-
loplasts may not be the initial gravity
detector in roots or that, in the absence
of amyloplasts, roots can activate an
as yet unknown alternative gravity-
detecting mechanism.

hatever mechanism accounts for

the perception of gravity, the ul-
timate effect of gravity detection—root
curvature—clearly results from asym-
metric growth in the elongating zone.
When a root is oriented vertically, it
grows uniformly on all sides. In con-



CELLS in the columella region of the root cap are thought to de-
tect gravity. When the root is vertical (fop), dense organelles
known as amyloplasts (dark bodies with white grains) reside along
the lower side of the cells. When the root is turned to be horizon-

tal (bottom), gravity causes the amyloplasts to settle quickly to-
ward what then becomes the lower side of the cells. Such sedimen-
tation appears to set in motion a series of events that ultimate-
ly cause the root to curve downward in the direction of gravity.
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trast, when a root is turned horizontal-
ly, the upper side grows faster than the
lower side; slower growth at the bot-
tom makes the root curve downward.

To discover the factor that directly
alters the growth pattern of a gravi-
stimulated root, we and other investi-
gators sought to determine the precise
changes in growth along the upper and
lower sides of the root. We considered
many possible permutations. For in-
stance, does the growth rate along
the upper side increase while the rate
along the lower side remains constant?
Does the rate on the lower side de-
crease while the rate on the top in-
creases? Does the growth rate on both
sides increase, with the top rate in-
creasing more than the bottom, or
does the growth rate on both sides de-
crease, with the bottom rate decreas-
ing more than the top?

Amy J. Nelson, a graduate student
working with one of us (Evans), deter-
mined the typical growth pattern of
gravistimulated corn roots. She put
young seedlings in a chamber that had
uniformly high humidity, thereby pro-
viding the moisture needed for normal
root growth. In this experiment, as in

S

the others we shall discuss, each seed-
ling was placed in an environment that
eliminated the possible effects of an
uneven distribution of moisture, light,
nutrients or temperature on the direc-
tion of root growth; this ensured that
any curvature in the root could be at-
tributed to gravity alone. Nelson posi-
tioned the white root of each seedling
in front of a white background and put
small black beads along the root sur-
face, which is naturally sticky. A tele-
vision camera focused on the marked
root then sent signals to a computer.
The computer tracked the gradual
movement of the beads as the root
grew, calculating the growth rate of
various parts of the root before and
during the response to gravity.

Nelson found that gravistimulation
causes a reduction in the growth rate
on both the upper and the lower sur-
faces of the root, but the greatest re-
duction occurs along the lower sur-
face, from two to three millimeters
behind the cap. Other workers em-
ploying different test methods with
different kinds of plants have similarly
found that retarded growth at the low-
er side of the root causes downward

ELONGAT ING
ZONE
S

REGION
A

MERISTEMATIC

COLUMELLA

CROSS SECTION
OF ELONGATING
ZONE

ROQT CAP

LONGITUDINAL SECTION

CROSS SECTION
OF ROOT CAP

TERMINAL PARTS of the root are where gravitropism takes place. The root cap con-
tains the gravity-detecting columella cells in its core. The elongating (or growing) zone,
which frequently reaches a length of about five to six millimeters, is the site of gravitropic
curvature. The intervening meristematic region is where new root cells are produced.
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curvature in gravistimulated roots.

What could account for the slowing
of growth along the lower side? The
growth of plant cells is controlled
largely by hormones, which suggests
that there is an increase in the concen-
tration of some growth-inhibiting hor-
mone along the lower side of the elon-
gating zone. One hypothesis for root
gravitropism suggests that the growth
inhibitor in question is the hormone
abscisic acid, which forms naturally
in plant roots. When abscisic acid is
applied in large doses to the outside
of roots, it is absorbed and inhibits
growth. In roots of certain corn seed-
lings that do not exhibit gravitropism
in the dark, illuminating the root cap
induces gravitropism within an hour,
during which time the rate of synthe-
sis of abscisic acid in the root cap has
also been found to increase.

In spite of these findings, more recent
evidence has led us to conclude that
the abscisic acid hypothesis is incor-
rect. One of us (Evans) has shown that
the hormone inhibits root elongation
only when it is applied to roots at con-
centrations significantly higher than
are thought to occur naturally.

What is perhaps more significant,
another of us (Moore) has found that
roots of corn seedlings grown in the
presence of an inhibitor of abscisic
acid synthesis have undetectable levels
of abscisic acid but nonetheless curve
downward in response to gravistimu-
lation. Similarly, roots of a corn mu-
tant not capable of synthesizing ab-
scisic acid respond to gravity. More-
over, one of us (Evans) has found that
roots immersed in a high concentra-
tion of abscisic acid curve downward
after being gravistimulated. The lat-
ter finding is significant because it is
unlikely that a subtle gravity-induced
gradient of the hormone could by it-
self induce curvature when the entire
root isimmersed in saturating levels of
the substance.

Strong evidence suggests that the
hormone auxin controls gravitropic
root curvature. Auxin, which like ab-
scisic acid occurs naturally in roots, is
a powerful inhibitor of their growth,
even at concentrations from 100 to
1,000 times lower than those at which
abscisic acid is effective. In roots made
nonresponsive to gravity (by removal
of the root cap), auxin applied in a
small dose to one side of the elongat-
ing zone can induce the roots to curve
toward the side where the auxin has
been applied—a finding that suggests a
subtle, physiological increase of auxin
at the lower side of a horizontal root
should be sufficient to cause down-
ward curvature.



After radioactively labeled auxin
was applied uniformly to the elongat-
ing zone of a gravistimulated root, the
labeled hormone moved toward the
lower side of the root, suggesting that
at least some of the naturally occur-
ring auxin moves in such a way that it
collects at the bottom of the elongat-
ing zone. Moreover, chemicals that in-
terfere with the cell-to-cell movement
of auxin in roots, thereby presumably
impeding the increased deposition of
auxin in the usual area of gravitropic
curvature, overcome the root’s ability
to curve in response to gravity.

To demonstrate more conclusive-
ly that auxin accounts for downward
curvature in gravistimulated roots, it
would be necessary to show directly
that natural auxin within the root be-
comes concentrated at the bottom of
the elongating zone just before the on-
set of gravitropic curvature. Such evi-
dence has not yet been found.

If the settling of amyloplasts in the
columella of the root cap accounts for
the perception of gravity, and if an in-
crease of auxin at the lower side of the
elongating zone accounts for the ulti-
mate response of the root, what ties
these events together? That is, what
constitutes the mysterious transduc-
tion phase of gravitropism?

On the basis of recently collected
data we propose that the settling of
amyloplasts triggers the release of cal-
cium ions (Cat*) from organelles
along the lower side of the columella
cells. In turn the released calcium acti-
vates transport systems that move cal-
cium and auxin downward from cell
to cell toward the lower side of the
root cap. The calcium at the bottom
of the cap then facilitates the move-
ment of auxin from the cap back along
the lower side of the elongating zone.

We first suspected that the release
and movement of stored calci-
um might be an important initial step
in the transduction phase of root gravi-
tropism after several papers published
in the 1960’s and 1970’s reported that
calcium appears to move from cell to
cell when shoots respond to gravity.
These experiments showed that calci-
um migrates toward the top surface of
a gravistimulated shoot before the
shoot curves upward.

To test our idea Konrad M. Kuz-
manoff and Timothy J. Mulkey, grad-
uate students working for one of us
(Evans), applied EDTA, a chemical that
binds and immobilizes calcium, to the
caps of cornroots. To our surprise, the
EDTA-treated roots, which continued
to grow at their normal rate, became
totally unresponsive to gravity. Re-
moving EDTA and replacing it with cal-

GRAVISTIMULATED CORN ROOTS lacking a cap (fop) and having an intact cap (bot-
tom) demonstrate the importance of the cap to root gravitropism. If the cap is removed,
the root grows normally but no longer curves downward when it is oriented horizontally
(gravistimulated). In contrast, a root with an intact cap does curve when it is reoriented.

RELATIVE GROWTH RATE (PERCENT GROWTH PER HOUR)
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COMPARISON OF GROWTH RATES at different positions along a vertically oriented
and a horizontally oriented corn root reveals part of the mechanism by which roots re-
spond to gravity. Vertical roots grow symmetrically in the elongating zone, whereas hori-
zontal roots grow asymmetrically and at a reduced rate. In horizontal roots the lower
side grows more slowly than the upper one, so that the root curves downward. One model
of gravitropism suggests that this asymmetric reduction in growth results from an uneven
redistribution of auxin, a plant hormone that is known to inhibit root growth. This model
further suggests that auxin movement may be controlled by calcium ions in the root cap.
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cium restored the roots’ gravitropic re-
sponsiveness. Kuzmanoff and Mulkey
hence provided strong evidence that
free and mobile calcium in the root
cap is essential for root gravitropism.
Their observation has since been
strengthened by other studies showing
that a variety of treatments preventing
calcium movement can all abolish
gravitropism.

Taking up where Kuzmanoff and
Mulkey left off, June S. Lee, who at
the time was visiting Ohio State Uni-
versity from Kang Reung National
University in Korea, determined the
probable direction of calcium move-
ment within gravistimulated roots.
First he studied roots that were not
gravistimulated and discovered that
calcium has a powerful influence on

their direction of growth. When he ap-
plied calcium to the root cap uneven-
ly, the root curved toward the area
of greatest calcium concentration. In
fact, when calcium was applied contin-
uously to one side of the cap of a verti-
cally oriented root, the root eventually
curved through a complete 360-degree
loop. Knowing that gravistimulated
roots curve downward, Lee concluded

ROOT CAP
REMOVED

ROOT CAP
REMOVED
|

AGAR BLOCK

ROQT CAP

N AGAR
BLOCK

CALCIUM-BINDING AGENT

ROOT CAP
;

/  AGARBLOCK |

| GRAVITY CALCIUM

DECAPPED ROOTS from corn seedlings help to demonstrate
that an uneven distribution of auxin could be responsible for
asymmetric growth in the elongating zone of gravistimulated
roots. Removal of the cap makes roots nonresponsive to gravity
(top), but when auxin in a hormone-filled agar block is applied to
one side of a decapped root (bottom), the root grows more slowly
along that side and finally curves toward the applied hormone.

(

CORN ROOTS to which calcium was applied curve toward the
side of application. Soon after an agar block containing calcium
was placed on the right side of the cap of a vertical root (a) the
root curved to the right. Similarly, long-term experiments in
which the location of the calcium applied to the root cap was peri-
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CORN ROOT to which a calcium-binding agent was applied at
the cap grows horizontally when it is turned sideways (top) be-
cause the binding agent prevents calcium from being redistributed
in response to gravity. Replacing the agar block containing the
binding agent with one containing calcium restores the root’s
gravitropism (bottom). Such results indicate that mobile calcium
in the cap is essential to the root’s ability to respond to gravity.

]

GRAVITY |

=
ROQT CAP \

APPLIED
CALCIUM

odically changed (b) generated several curves, each developing as
the root arched toward the calcium. These results indicate that an
unequal distribution of calcium in the cap of a gravistimulated
root—and particularly an excess along the lower side of the root
cap—contributes to downward curvature in the elongating zone.
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that such curvature may result from
an excess of calcium at the bottom
of the cap, perhaps deposited by the
downward movement of calcium.

Next Lee showed that calcium could
in fact move downward within the cap.
He applied radioactive calcium even-
ly across corn roots, oriented the roots
either vertically or horizontally and
measured the movement of the radio-
active ions. In vertically oriented roots
the radioactive calcium remained uni-
formly distributed. In horizontally ori-
ented roots, on the other hand, the ra-
dioactive calcium moved toward the
lower side of the root. This directional
movement of calcium was particularly
strong in the root cap.

:Results from a completely different
kind of study lend support to the
proposal that calcium moves down-
ward in gravistimulated roots. By
placing special microelectrodes close
to a vertically oriented root of cress,
H. M. Behrens and his co-workers at
the University of Bonn showed that an
electric current flowed in a symmetri-
cal pattern along the root surface and
into the root near the tip. When the
workers put the root in a horizontal
position, they found that the current
pattern became asymmetric; in partic-
ular, the current along the upper side
of the cap flowed out through the top,
whereas the current along the lower
side flowed into the cap. They found
evidence that the current was carried
by a flow of hydrogen ions (HY).

Thomas Bjorkman and A. Carl Leo-
pold of Cornell University recently
confirmed these observations in stud-
ies of cornroots. They found that from
two to six minutes after the roots are
oriented horizontally the direction of
the current in the root cap changes: it
moves upward and out through the top
of the cap. Bjorkman and Leopold
speculate that the upward flow of hy-
drogen ions could indirectly reflect a
flow of calcium ions to the lower side
of the cap; to maintain electrical neu-
trality, the cap would have to balance
such calcium movement with a coun-
terflow of other positive charges, such
as hydrogen ions. (The amount of up-
ward current measured by Bjorkman
and Leopold is consistent with our es-
timates of the calcium that moves to
the bottom of the root cap.) If the up-
ward current does in fact reflect calci-
um migration, the timing of calcium
movement suggests that the migration
results from amyloplast settling; the
calcium movement immediately fol-
lows settling, and it precedes down-
ward curvature of the root.

Just how amyloplast settling triggers
calcium movement and how calcium

comes to collect along the lower side
of the root cap is not clear, but Barba-
ra G. Pickard of Washington Universi-
ty in St. Louis has proposed a reason-
able hypothesis, one that is consistent
with the results of Bjérkman and Leo-
pold. In columella cells, amyloplasts
displaced by gravistimulation fall onto
the endoplasmic reticulum, a complex
of calcium-rich membranes and vesi-
cles. Pickard suggests that the pressure
of the amyloplasts on the endoplasmic
reticulum causes calcium ions to es-
cape from the complex, resulting in a
localized elevation of the calcium lev-
el along the lower side of the cells.

We propose an addition to this mod-
el. We suspect that when the calcium
level reaches a certain threshold, the
ions activate calmodulin: a small pro-
tein known to be a powerful activator
of many enzymes important to cellular
function, not only in plants but also in
animals and even in some microorgan-
isms. Once it is activated by calcium,
calmodulin appears to stimulate calci-
um movement by “turning on” calci-
um pumps, which are large enzymes
thought to traverse the cell membrane.
The activated pumps at the lower side
of the cells then excrete excess calci-
um, which eventually accumulates
along the lower side of the root cap.

The calmodulin required by this
model does appear to be available in
the root cap. Charles L. Stinemetz, a
graduate student working with one
of us (Evans), verified its presence in
corn roots and showed that the con-
centration of calmodulin is four times
as great in the cap as it is in the elon-
gating zone. Lending further credence
to the potential role of calmodulin,
Stinemetz also found that root-cap cal-
modulin may be necessary for root
gravitropism. When he applied cal-
modulin inhibitors to the caps of roots,
the inhibitors strongly retarded gravi-
tropic curvature.

In order to explain the remaining
steps of the gravitropic response—the
downward movement of auxin in the
root cap and the calcium-enhanced
movement of auxin to the lower side
of the elongating zone—we must first
describe what is thought to be the usu-
al pattern of auxin movement through
the root. In roots that are vertically
oriented auxin moves toward the root
cap through the core of the elongating
zone. Some of the auxin traveling into
the cap is either metabolized or moves
through the tip into the growth medi-
um. At the same time some auxin
branches off toward the sides of the
cap, where it is redirected up into the
elongating zone by cells along the out-
er margins of the root [see bottom illus-
tration on next page]. The symmetry of

© 1986 SCIENTIFIC AMERICAN, INC

"AIDS Biology
Video Programs

Exclusive on-location interviews
with the AIDS research experts

Dr. Robert Gallo: The Search for the AIDS
Virus.

28 minutes.
Beta 49-4122K-B Each..$149.95
VHS 49-4122K-V Each..$149.95
Y4’ U-Matic  49-4122K-M Each..$175.00

Dr. Paul Volberding: The Clinical Story of AIDS.
28 minutes

Beta 49-4123K-B Each..$149.95
VHS 49-4123K-V Each..$149.95
Y4 U-Matic ~ 49-4123K-M  Each..$175.00
Dr. Luc Montagnier: Viruses, Retroviruses,
and AIDS.
28 minutes
Beta 49-4124K-B Each..$149.95
VHS 49-4124K-V Each..$149.95
Yo' U-Matic ~ 49-4124K-M  Each..$175.00
SAVE $100!

Purchase the Interview with AIDS Researchers
Video Set and save $100 off the individual
program prices. You will receive one gach of
the three interviews listed above—a $449 85
valug—tor only $349.85 (Beta and VHS) (3¢
U-matic—a $525.00 value—pay only $425.00 )

Beta 49-4120K-8 Each.  $349 85
VHS 489-4120K-V Each. §349 85
¥ U-Mabc  49-4120K-M  Each..5425.00

Act now! OHer expires January 31, 1987

wet .
AIDS Biology Reader
Dr. Donald Armstrong, Chief of the Infectious
Disease Service at Memorial Sloan-Kettering
Cancer Center discusses the history, social im-
plications, prevention, and prospects for cure.
1986. 16 pages.
45-9754K  Set of 10..$14.50

Al orders add £3 95 for shippng and handiing
NC customers add 3% saies [ax
ORDER NOW!

Call Toll Free 1-800-334-5551
(NC customers call 1-800-632-1231)

We honor MasterCard,
VISA, and American Express

To ordar by mall, send check or maney order of use
MasterCard. VISA, or American Express Include $3 95
lo cover shippang and hangiing. NC customers agd 3%

Sdles fax

Now Available
Our complete brochure of AIDS Biology
Educational Materials. Call or write for your
FREE brochure today!

O Send me a FREE AIDS Biology Educational
Materials brochure.

Name

Dept. or Bldg.

Institution

Address
City
State/Zip

Cabisco Teleproductions™
Carolina Biological Supply Company
2700 York Rd., Burlington, NC 27215

117



N\

WL L

CELL WALL
T T T T T T T T T T T T T T T T T T T T T T
ALELE LRt iyiei ='i|||||.”..|'|||||||i|i|:|:!|||||||||:Iil-'.-"'/':|l||||||||| LLLER L L |
AMYLOPLAST CELL MEMBRANE
Ny
[ ]
5 ° [ ]
___ [ ]
P
= ° o ®  AUXIN o
INACTIVE .
: ° ° CALMODULIN °
== ° )
=] ) \L L i
° ° ’. ° i
) 3 ACTIVATED
CALCIUM & g ~————— GCALMODUUN
...
[ ]
~| ENDOPLASMIC
RETICUI%UM
Soat @ .
3 r
T T TTTTTTTTITTTITTTITTTTIT C O Tl TR

LLLLLL L L)

miC

\

PROPOSED MECHANISM linking amyloplast settling to the
downward movement of calcium ions (red dots) and auxin (black
dots) in the cap of gravistimulated roots depends on the enzyme
calmodulin, an important activator of enzymes in plant and ani-
mal cells. When a root is turned on its side, amyloplasts in colu-
mella cells fall toward the lower side of each cell, making contact
with the endoplasmic reticulum, a complex of calcium-rich mem-
branes (7). The resulting pressure on the endoplasmic reticulum
induces the membrane complex to release calcium into the sur-
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rounding cytoplasm (2). When the calcium level in the cytoplasm
along the lower side of the cell reaches a certain threshold, the
calcium binds to and activates calmodulin in the area (3), which in
turn activates two types of enzyme in the cell membrane along the
lower side of the cell: a calcium pump (4¢) and an auxin pump
(4b). Calcium pumps transport excess calcium into the cell wall
(5a) and auxin pumps move excess auxin into the wall (5b0). By
different mechanisms, the calcium and the auxin then migrate
through the underlying cells toward the lower side of the root cap.
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ROOQOT CAP

PATTERN OF AUXIN MOVEMENT (arrows) in a root changes
when the root is gravistimulated. In a vertical root (a) auxin trav-
els from the elongating zone toward the root cap through the cen-
tral part of the root. After the auxin enters the cap some of the
hormone is thought to move across the length of the cap and out
through the tip; at the same time some of it branches off to the
sides and then symmetrically flows back into the elongating zone.
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REDUCED GROWTH

After the root is turned horizontally (b) the pattern of auxin flow
becomes asymmetric. The authors propose that much of the auxin
entering the cap moves toward the lower side of the cap, where
collected calcium somehow increases the rate at which the auxin
travels back into the elongating zone. The resulting auxin excess
within cells along the lower half of the elongating zone then inhib-
its growth there, leading to downward curvature of the root (c).
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this movement causes the vertical root
to grow straight.

In gravistimulated roots the pattern
of auxin movement in the root cap
changes. On the basis of recent data
collected by one of us (Hasenstein), we
propose that calcium-activated cal-
modulin in the columella cells acti-
vates not only calcium pumps in the
lowermost part of the cell membrane
but also auxin pumps. Such auxin
pumps are known to exist in plant-cell
membranes. We think these pumps
transport auxin out through the lower
side of the columella cells, so that
much of the auxin entering the root
cap from the elongating zone travels
downward to the lower side of the cap
instead of dividing symmetrically be-
tween the upper and lower sides. We
further propose that the elevated con-
centration of calcium in cells along the
lower side of the root cap then some-
how enhances the rate at which auxin
in the lower part of the root cap trav-
els back into the lower side of the elon-
gating zone.

We shall now return to the ques-
tion posed more than a century
ago: By what mechanism does a hori-
zontally oriented root respond to grav-
ity? We suggest that gravity pulls on
amyloplasts in the columella cells of
the root cap. The amyloplasts, falling
onto the endoplasmic reticulum at the
lower side of the cells, cause calcium
levels in the cytoplasm to rise, thereby
activating calmodulin, which in turn
activates calcium and auxin pumps in
the membrane at the lower side of the
cells. The pumps force calcium and
auxin out through the lower side of the
cells, leading ultimately to an accumu-
lation of calcium and auxin at the low-
er side of the root cap. The elevated
concentration of calcium in this part
of the cap then enhances the loading
of auxin into the pathway that carries
auxin back toward the lower side of
the elongating zone. There the auxin
markedly inhibits growth and causes
the root to curve downward in the di-
rection of gravity.

It is not surprising that the down-
ward pattern of growth produced
by gravitropism almost always leads
the root toward a supply of moisture
and nutrients. Our recent findings and
those of other botanists confirm Dar-
win’s suggestion that this self-preserv-
ing behavior of the root (or, in his
words, the “radicle”) is controlled by
the cap. Indeed, investigators of root
gravitropism, and of other root behav-
ior, have reason today to echo Dar-
win’s 1881 assessment that “there is no
structure in plants more wonderful, as
far as its functions are concerned, than
the tip of the radicle.”
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Human-powered Watercraft

In striving for ever higher speeds the familiar racing shells propelled

by eight oarsmen may have to give way to unconventional watercraft.

Such a record-setting vehicle was designed and built by the authors

by Alec N. Brooks, Allan V. Abbott and David Gordon Wilson

ntil recently the slender shells,
| | or racing rowboats, made fa-
miliar by the Olympic Games,
the races on the Thames River in En-
gland and other rowing regattas held
throughout the world, were the fastest
human-powered watercraft. The fast-
est of these, powered by a crew of eight
oarsmen, achieve speeds of 12 knots
over a standard 2,000-meter course.
(One knot is equal to about half a me-
ter per second.) Human-powered wa-
tercraft that are not bound by the ar-
bitrary restrictions of officially sanc-
tioned rowing events are likely to
equal or surpass this level of perfor-
mance. Designers of these unconven-
tional craft are dispensing with oars
and taking full advantage of modern
high-efficiency propellers. They are
even dispensing with hulls as they ex-
plore innovative ways to reduce the re-
sistance against motion, called drag,
that water exerts on a moving boat.
Indeed, two of us (Brooks and
Abbott) have developed just such a
record-setting human-powered water-
craft. The craft, Flying Fish II, is rid-
den like a bicycle. It has a pair of hy-
drofoils, or underwater wings, and a
high-efficiency propeller. It enables a
single rider to complete a 2,000-meter
course significantly faster than a single
rower in a shell can, and it has attained
a maximum speed of 13 knots over
short distances.

Regardless of its design—whether it is
a crude flotation device propelled
by underwater kicking, a wood raft
pushed along by poles, a dugout ca-
noe powered by paddles or a dinghy
moved forward by sweeping oars—ev-
ery watercraft must contend with four
basic forces: weight, lift, thrust and
drag. Weight and lift are the simplest
forces to understand. Weight is simply
the gravitational force pulling down
on the craft and its occupants; lift is
the force that acts upward, counteract-
ing the weight. As long as a boat does
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not experience any vertical accelera-
tion, lift is equal to weight.

For most watercraft lift is generated
by buoyancy: the displacement of wa-
ter by the craft’s hull. The lift is equal
to the weight of the water displaced,
and it operates even in the absence of
motion. In addition many high-speed
boats take advantage of dynamic lift,
which is produced as the boat moves
through water. A common example of
dynamic lift is planing: when the bot-
tom of the hull continuously deflects
water downward so that lift is pro-
duced as a reaction force. A boat that
relies on planing for most of its lift
rides higher in the water—often right at
the surface—and requires less buoyan-
cy. Until recently designers of human-
powered watercraft had not been able
to successfully incorporate dynamic
lift into their vehicles.

Thrust is the force (produced by the
actions of the operator in the case of
human-powered watercraft) that pro-
pels the craft. Drag is the force that by
definition acts in the direction oppo-
site to the direction of the craft’s mo-
tion. If a boat is moving at a steady
speed, the thrust is equal to the drag. In
summary, at constant speed lift bal-
ances weight and thrust balances drag.

In order to translate efficiently a
given human power input into speed
the most important objective is to min-
imize drag. One obvious way to lessen
drag is to reduce the weight of the
boat. Once a boat begins to move, its
source of lift almost always exacts
a drag penalty. By minimizing the
weight of the boat the required lift is
reduced, and hence the drag associat-
ed with the lift is lessened. Since the

craft’s operators are not likely to
be overweight (assuming they are
healthy, athletic individuals to begin
with), the weight reduction must apply
primarily to the vehicle itself.

Efforts to this end have led to racing
shells that weigh only a small fraction
of the operator’s weight—a relation
similar to that of a modern racing bi-
cycle and its rider. In the past shells
were generally made of cedar, spruce
and mahogany, and they were made
lighter by thinning their hulls. (Indeed,
the term “shell” arose because a care-
less finger could easily puncture a
wood hull.) In the 1950’s experimental
shells that had a skin of glass-fiber-
reinforced plastic were tried, and by
the end of the 1960’s commercially
available composite-based boats had
challenged the dominant position of
wood boats in rowing circles. Today
the wood shell is becoming a rar-
ity. Sophisticated composite materials
consisting of a resin matrix interlaced
with fibers of a polymer or graphite
have brought down the weight of the
lightest single-person shell to less than
10 kilograms.

Asuming that the weight of the rac-
ing shell has been reduced to its
practical minimum, a designer’s atten-
tion must turn to other ways of min-
imizing drag. Shells have what are
called displacement hulls: virtually all
their lift is produced by the buoyancy
of the hull. Displacement hulls have
the unique property that their drag ap-
proaches zero as their speed through
the water approaches zero. Hence at
very low speeds displacement-hull ve-
hicles have extremely low drag and

AMONG THE FASTEST human-powered watercraft are conventional racing shells and
the authors’ unconventional vehicle, Flying Fish II. The shell, shown here being rowed by
four-time Olympian John Van Blom, was built by Alfred Stimpfli AG of Switzerland.
Flying Fish II, ridden by one of the authors (Abbott), is powered by a pedal-driven pro-
peller and supported by two hydrofoils, or underwater wings, while racing. The floats are
actually above the water surface and are meant to support the craft only at low speeds.
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are among the most efficient of all ve-
hicles. Racing shells, however, do not
operate at low speeds.

As a shell’s speed increases, its drag
increases dramatically owing in part to
the formation of waves that emanate
from the bow and stern. The energy
needed to produce these waves is man-
ifested as wave drag. Wave drag in-
creases rapidly with increasing speed
but in an uneven fashion because the
bow wave can interact constructively
with the stern wave (so that the waves
are in phase and reinforce one anoth-
er) or destructively (so that the waves
are out of phase and tend to cancel one
another) as the craft picks up speed. At
a speed called hull speed the bow is at
the crest and the stern is at the trough
of a single wave; in its passage through
the water the hull has literally created
a hill of water through which the boat
must push. At this point a great expen-
diture of power is needed to increase
the boat’s speed. The human power
plant cannot supply the required ef-
fort, and so hull speed acts as the effec-
tive speed limit of a human-powered
displacement-hull vehicle.

Hull speed is proportional to the
square root of the waterline length of
a boat. Human-powered watercraft
that have long displacement hulls are
therefore less hindered by wave drag
than boats that have short hulls with
the same overall buoyancy. On the
other hand, for a given buoyancy long,
slender hulls have more wetted surface
area than short, wide hulls. The great-
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er the wetted surface area, the greater
the drag caused by the friction of the
water as it flows past the surface of the
hull. This type of drag is known as
skin-friction drag. Hence as a boat is
made more slender, wave drag dimin-
ishes but skin-friction drag then be-
comes more of a problem.

A hull designed for speedy boats
must therefore be shaped to minimize
the sum of wave and skin-friction
drag. Shells are designed to compete
in six-to-seven-minute races at power
levels of about half a horsepower per
rower. (One horsepower is equal to ap-
proximately 750 watts.) The resulting
optimal length-to-width ratios of these
sleek craft exceed 30. A single-person
shell, for example, has a length of be-
tween eight and nine meters and a
width of no more than 30 centimeters.
It turns out that the optimal shell
shape results in a skewed distribution
of drag at racing speeds: 80 percent of
the drag operating on the shell is due
to skin friction and 20 percent is due to
wave production.

Given that skin friction is the domi-
nant source of drag operating on
a shell at racing speed, a substantial
reduction in drag is possible if skin
friction can be reduced. Skin friction
arises from a thin layer of water,
known as the boundary layer, that
flows past the boat’s hull. There are
two fundamental types of boundary
layer: laminar, in which the flow is
smooth and steady, and turbulent, in
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FOUR BASIC FORCES must be considered in designing boats such as the racing shell
shown here: weight, lift, thrust and drag. Weight is the gravitational force acting on the
boat and the operator. Lift is normally generated by buoyancy, the upward force equal to
the weight of the water displaced by the boat’s hull. Additional lift, called dynamic lift,
can be produced by the flow of water under the hull. Thrust, in the case of human-
powered water vehicles, is the force produced by the actions of the operator (here seen
rowing) that propels the craft forward. Drag is the resistance to the boat’s forward mo-
tion; it arises in most craft from the creation of a wake (wave drag) and the friction
between the hull and the water flowing past it (skin-friction drag). When a boat has a
constant speed, lift balances weight and thrust balances drag. The key objective in boat
design is to minimize drag at the normal operating speed of the boat. At the speeds neces-
sary for competitive rowing, drag is minimized by making a shell light, long and narrow.
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which the flow is chaotic and un-
steady. Laminar boundary layers pro-
duce much less skin-friction drag than
turbulent boundary layers do. The
boundary layer on a shell is laminar at
the bow, but only a short distance back
from the bow it typically undergoes a
transition to turbulent flow. Drag is
significantly reduced if the transition
is delayed, thereby increasing the area
of laminar flow on the hull.

One method of extending the lami-
nar boundary layer that is applied in
some specialized underwater vehicles
is the injection of long-chain polymers
(sometimes referred to as slippery wa-
ter) into the boundary layer near the
front of the craft. Race-sanctioning or-
ganizations are not likely to allow this
practice in competition, if for no other
reason than that it pollutes the water.
A similar approach that might be al-
lowed, however, would entail careful-
ly cultivating a layer of naturally slimy
algae or some other innocuous micro-
organisms on the hull.

Boundary-layer suction is another
technique that has been applied to sta-
bilize a laminar boundary layer. In this
approach fluid in the boundary layer is
continuously “sucked” into the boat
through pores or small slots in the
hull surface. Shells could make use of
boundary-layer suction if they were
outfitted with a porous hull that would
allow water to seep in slowly. A small
pump would serve to bail the water
out occasionally.

The texture of the wetted hull sur-
face can also play a role in the re-
duction of skin-friction drag. Inves-
tigations under the auspices of the
National Aeronautics and Space Ad-
ministration have shown that a slick
waxed surface does not always result
in minimal skin-friction drag. Sur-
faces with very fine grooves running
in the flow direction, called riblets,
have shown 6 percent less drag than
smooth surfaces.

Riblets have been tested on rowed
shells by a group from the Flight Re-
search Institute headed by Douglas
McLean of the Boeing Company. The
group covered a single-person shell
with an experimental plastic skin in
which grooves had been formed. The
spacing between the grooves was
three-thousandths of an inch (about 80
micrometers)—finer than the groove
spacing on phonograph records. Tests
indicated that the shell’s maximum
speed was increased by 2 percent. Al-
though this may seem like an insignifi-
cant amount, it is equivalent to a four-
boat-length advantage over a standard
2,000-meter race.

On the basis of such encouraging re-
sults the experimental skin was ap-
plied to the hull of the U.S. Olympic
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ever, hydrofoil vessels are more efficient than displacement-hull
craft. The graph at the right shows how the power a champion
athlete can supply diminishes with the effort’s duration. For brief
durations the power output generated by the cycling motion is
considerably higher than the output generated by the rowing mo-
tion. An optimal hydrofoil design could make it possible to reach
speeds of more than 20 knots. Such a feat would require power
levels that can be achieved only by cycling and only for a few
seconds. A craft incorporating such a hydrofoil would be difficult
to get started: its ““takeoff” speed would be more than 11 knots.

team men’s coxed-four rowing shell.
(A coxed boat is steered by a coxswain,
who does not row but calls out the
rowing cadence.) The team made an
excellent showing, winning the silver
medal in the 1984 summer games.

In addition to low drag, another es-
sential ingredient for a successful
racing shell is good propulsive effi-
ciency: as much as possible of the pow-
er from humans must be converted
into useful thrust. In the case of row-
ing, two major advances in propulsive
efficiency date from the mid-19th cen-
tury. One was the development of the
modern rigger in 1843. The rigger is a
tripodlike device attached to the side
of the boat. The oarlock, or pivot point
for the oar, is located at the apex of the
tripod. Since the oarlocks no longer
needed to be attached directly to the
gunwales, or edges of the sides of the
boat, the hull could be narrower (re-
ducing wave drag) and the oars could
be longer (enabling rowers to take
longer and more efficient strokes).

The second advance was made in
1856 the sliding seat. Until that time
rowed boats were propelled through
the use of the muscles of the arm,
shoulders and back, whereas the larger
muscles of the legs were used only to
brace or support the body. The motion
when rowing was one of heavy strain-
ing against a slowly moving resistance.
The sliding-seat arrangement allows
the energy of the leg muscles to be har-

nessed as the seat moves fore and aft
with the bending and straightening of
the legs during the rowing cycle. The
first sliding seat was a rather crude de-
vice consisting of a sheepskin pad slid-
ing on a greased panel. The sliding seat
on bearings, still in use today, was in-
vented in the U.S. in 1857.

A shell with a variation of the slid-
ing seat was rowed by Peter Michael
Kolbe to win the 1981 world champi-
onships in Munich. In contrast to con-
ventional shells, which have sliding
seats and fixed riggers and stretchers,
or footboards, Kolbe’s custom shell
was equipped with a fixed seat and a
sliding frame that supported the rig-
gers and stretchers. Under this ar-
rangement the rowing motion is the
same as the motion for conventional
shells, but since most of the rower’s
mass is on the fixed (rather than slid-
ing) seat, the oscillations of the center
of mass (which more or less coincides
with the rower) are greatly diminished.
This in turn diminishes the oscillations
in velocity that a shell is subject to as it
travels through the water. (These oscil-
lations are manifested in a convention-
al shell by its distinctive jerky motion
when it is rowed forcefully.)

Because skin-friction drag is not a
linear function of the velocity of the
water in relation to the hull (it is in fact
proportional to the square of the ve-
locity), a fluctuating speed always pro-
duces more drag than would occur if
the boat moved steadily at the average
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speed. The drag reduction obtained by
the sliding-rigger arrangement is only
slight, but it is enough to make a signif-
icant difference in the racing world.
In the 1982 world championships five
boats in the men’s finals had fixed
seats and sliding riggers. In 1983 all six
finalists used sliding-rigger boats. Af-
ter 1983, however, sliding-rigger boats
were ruled ineligible for competition.

Ithough the addition of the rigger
and the sliding seat significantly
augmented the propulsive efficiency
of rowing, rowing nonetheless has a
fundamental limitation. Oars and pad-
dles are basically drag devices: they
generate thrust by slipping backward
through the water. The slippage repre-
sents an efficiency loss; it can be re-
duced by increasing the size of the oar
blade, but only to a limited degree be-
cause of practical constraints. More-
over, the aerodynamic drag caused
by the blades when they are out of the
water during the return stroke can
be quite significant, particularly un-
der windy conditions.

The efficiency of a propulsion sys-
tem is defined as the ratio of useful
power output, which is the product of
the average thrust and the velocity, to
the human power input. The detailed
physics of rowing is not entirely under-
stood but analysis by many investiga-
tors has put the propulsive efficiency
of rowing at between 65 and 75 per-
cent. Hence about two-thirds of the
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rower’s power output is delivered to
the boat as useful work; the rest goes
into creating disturbances in the water
and air.

Motorized boats abandoned propul-
sive drag devices, such as paddle
wheels, long ago in favor of propellers.
Interestingly, before the development
of small gasoline-fueled outboard mo-
tors at the turn of the century, human-
powered propeller-driven boats were
in fact being developed for practical
transportation purposes. Such propel-
ler-driven boats proved to be much
faster and less tiring than canoes or
rowboats. In the 1890’s a three-rider
propeller-driven catamaran (a twin-
hulled boat) was shown to be 13 per-
cent faster than a three-oarsmen shell
over a 163-kilometer course on the
Thames River.

Some disadvantages of propellers
are that they can be fouled with weeds
and can strike bottom in shallow wa-
ter, but otherwise propellers are par-
ticularly suited for human-power ap-
plications [see “The Screw Propeller,”
by E. Eugene Larrabee; SCIENTIFIC
AMERICAN, July, 1980]. Slender-blad-
ed, high-efficiency propeller designs
can be applied, since the power level is
quite low. In addition, propeller-tip
speeds are low enough so that cavita-
tion is not a problem. (Cavitation, the
formation of bubbles of water vapor,
arises when the absolute pressure on
some part of the rotating propeller is
reduced below the water’s vapor pres-
sure; it reduces efficiency and can
cause excessive wear on the blade sur-
faces.) Several new human-powered
watercraft have been outfitted with
propellers whose efficiencies exceed
90 percent.

The rotating motion of propellers
also makes it relatively easy to drive
them by an arrangement of pedals,
sprockets and chains much like that of
bicycles. Such an arrangement takes
advantage of the rapid and strong
movements of the legs. The circular
pedaling action in bicycling remains
the most efficient practical method of
transferring continuous power from
a human being to a machine. (It is
not coincidence that record-setting hu-
man-powered air and land vehicles de-
pend on a bicyclelike drive train.)

A champion cyclist can produce

nearly two horsepower for a few sec-
onds of maximum effort. For periods
of continuous exertion lasting for six
minutes, however, the power output is
generally no more than half a horse-
power. Various factors affect power
production, including pedaling rate,
seat height, pedal-crank length and the
physical condition and determination
of the cyclist. The traditional rowing
motion, in which the rower sits still
and brings into play only the muscles
of his back, shoulders and arms, yields
considerably less power than the cy-
cling motion. The addition of the slid-
ing seat, however, increases the power
level of rowing to rival that of cy-
cling—at least for periods of more than
a few minutes. (The short-period ad-
vantage of cycling is lost after about a
minute because of the limitations im-
posed by the human circulatory and
respiratory systems.)

The inherent advantage of pedal-
driven-propeller boats over rowed
boats therefore lies chiefly in the fact
that oars are a less efficient mecha-
nism for channeling human energy to
the propulsion of the boat. Further-
more, a rowed boat’s uneven speed ex-
acts more of a drag penalty than the
smooth, continuous speed that can be
achieved with a propeller.

Designers of fast human-powered
watercraft have also attempted to
minimize drag in novel ways. One way
to virtually eliminate wave drag and at
the same time reduce skin-friction
drag is to submerge the hull; the opera-
tor would have to be supported above
the water by narrow struts extending
upward from the hull. The minimal-
drag hull in this case is teardrop-
shaped, with a length between three
and four times its width.

Such a configuration is like that of a
unicycle, and balancing would like-
wise be difficult, if not impossible, for
the rider. Theodore Schmidt alleviated
this problem somewhat by attaching
four small outrigger hydrofoils to an
experimental submerged-hull craft of
his own design. A tricyclelike arrange-
ment of three smaller submerged-
buoyancy hulls would be stabler but
not as efficient. Since the ratio of sur-
face area to displacement gets smaller
as displacement increases, one big hull

HUMAN-POWERED WATERCRAFT display assorted shapes, construction materials
and propulsion devices. Relatively primitive craft are poled (a—c) or paddled (d, ¢) and
are made of such diverse natural materials as reeds, wood and animal skins. More modern
craft are made of wood or metal and are rowed (f), an action that calls for the use of the
arms, shoulders and back, or are paddled with foot pedals, bringing into play the strong
leg muscles (g). Pedal-driven-propeller boats (/i—j) have greater propulsive efficien-
cy than either rowboats or paddle-wheel boats. Novel designs and materials have also
cut back on the drag such craft encounter. The submerged hull of Theodore Schmidt’s
experimental craft (j), for instance, effectively eliminates the- problem of wave drag.
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has less surface area than three smaller
hulls with the same total buoyancy.

The balancing problem of a single
underwater hull could be solved by
putting the operator in the hull—in
effect creating a submarine. But a
streamlined hull big enough to enclose
arider displaces much more water and
has more surface area than a hull that
provides just enough buoyancy to sup-
port a person’s weight. Although it is
not optimal for human-powered trans-
port near the surface of the water, a
human-powered submarine could be a
great improvement over a skin diver
with flippers. In the early 1950’s a two-
person human-powered submarine
called the Mini-Sub, designed by Cal-
vin Gongwer, was produced in limit-
ed quantities by the Aerojet-General
Corporation. Pushed forward by twin
760-millimeter counterrotating pro-
pellers, the Mini-Sub reportedly could
achieve speeds of seven knots—about
three times the speed at which a diver
can swim underwater.

Other designs seek to reduce the sec-
ond major drag component, skin-fric-
tion drag, by employing dynamic lift
to raise part of the boat out of the wa-
ter and thereby reduce the boat’s wet-
ted surface area. Although dynamic
lift does incur a drag penalty of its
own, in many instances the reduction
in skin-friction drag more than com-
pensates for the drag generated as a
by-product of the dynamic lift.

Human-powered water vehicles that
take advantage of the dynamic lift
achieved by planing are still in the
imagination of designers, but anoth-
er way to generate dynamic lift has
been applied successfully: hydrofoils.
Hydrofoils are underwater wings that
produce lift in the same way as air-
plane wings produce lift. The required
size of a hydrofoil wing is quite mod-
est compared with airplane wings.
For example, at a speed of nine knots
something under a tenth of a square
meter of foil area is needed to produce
enough lift to support a single rider
above the water. A hydrofoil designed
to produce the same lift at twice the
speed would require only a fourth as
much area.

Although the small wetted area of
hydrofoil wings results in minimal
skin-friction drag, hydrofoils do incur
a different type of drag. As the hydro-
foil travels through the water it leaves
behind a vortex wake, just as airplane
wings do. The energy expended in gen-
erating the vortex wake is manifested
as a drag called induced drag. Also,
the spray kicked up by the vertical
struts supporting the hydrofoil as they
cut through the surface of the water re-
sults in additional drag.

Another major problem with hu-
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man-powered hydrofoil craft is that
they need to reach relatively high wa-
ter speeds before they can ‘“take off,”
or lift themselves above the water.
Since hydrofoils produce zero lift at
zero speed, another support system,
such as a displacement hull, is re-
quired for the initial and final phases
of a “flight.” A wing selected for all-
out speed may have to be moving
through the water at 10 knots before it
can generate enough lift to support the
craft and rider. This speed may well be
impossible to achieve while the craft is
still supported on the water by its
displacement hull. A larger hydrofoil
wing could reduce the takeoff speed,
but the drag caused by the increased
surface area would not allow the craft
to go as fast.

Stacking hydrofoils so that smaller
foils are placed below larger ones, as is
done on motorized hydrofoil vessels,
might circumvent the problem. A craft
with such a tapered “ladder” arrange-
ment of hydrofoils could take off at
low speed on the large upper foils.
Once sufficient speed has been at-
tained so that the lift produced by the

FLYING FISH II is a human-powered hydrofoil craft designed and
built by two of the authors (Brooks and Abbott). The craft,
powered by a pedal-driven, high-efficiency propeller, takes off at
six knots and has a top speed of about 14 knots. It is ridden just
like a bicycle. The first version of the craft did not have side pon-
toons and required a catapult-launch ramp to bring it up to takeoff
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lower foil is enough to support the
craft, the craft could rise up farther,
raising the larger foil out of the water
and thereby reducing drag. Because of
the inherent difficulties associated
with hydrofoils, human-powered hy-
drofoil craft do not have the same
speed potential as human-powered air-
planes, which have achieved speeds of
more than 25 knots.

Until recently all human-powered
water-speed records were held by
displacement boats propelled by oars.
With the intent of exceeding these
speeds, two of us (Brooks and Abbott)
in 1984 designed and built Flying Fish
I, the first hydrofoil capable of sus-
tained flight on human power alone.
The sticky problem of initially getting
the craft up to takeoff speed, which
had plagued earlier designers, was by-
passed initially by eliminating the need
for a displacement hull. Flying speed
was attained by catapulting the craft
into the water from a floating ramp,
much as jets are launched from air-
craft carriers. Using this “flying start”
launching method, cyclist Steve Hegg,
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an Olympic gold medalist, pedaled
Flying Fish I a distance of 2,000-me-
ters in six minutes 38 seconds, eclips-
ing the world record for a single rower
by 11 seconds. The times, of course,
are not directly comparable, because
the rowing record was set from a
standing start.

Flying Fish I has a high-efficiency,
pedal-driven propeller and two slender
wings supported by narrow vertical
struts. The main wing, which carries
90 percent of the craft’s weight, has a
large wingspan (1.8 meters) to mini-
mize induced drag and a small chord,
or width, to reduce skin-friction drag.
The smaller front wing has a configu-
ration much like an inverted T and is
lightly loaded; its main purpose is to
provide stability and control. To this
end it is fitted with a small, spatula-
shaped device that automatically con-
trols the depth of the wing. The device
skates over the water surface, continu-
ously adjusting a thin flap (analogous
to the elevator on an airplane tail) to
which it is linked.

The front wing strut doubles as
a rudder and is connected to bicycle

speed. The pontoons on the current version support the craft so
that it can now reach takeoff speed from a standstill. The depth at
which the hydrofoils “fly”” is controlled automatically by a spatu-
la-shaped surface follower linked to a thin flap on the front hydro-
foil. The craft has completed a 2,000-meter course approximately
10 seconds faster than the record for a single-rower racing shell.
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Nobel laureate Julian Schwinger tells the story of
one of the twentieth century’s greatest achievements—
the theory of relativity—which is largely the work of one
man: Albert Einstein.

The groundwork was laid in the seventeenth century
by Isaac Newton, who unified motion on Earth and in the
heavens in a framework of absolute space and time; then,
in the nineteenth century by James Clerk Maxwell, who
unified electricity, magnetism, and light. But it was left to
the sixteen-year-old Einstein to glimpse, for the first time,
that the theories of these two giants were incompatible.

Schwinger makes a lively narrative of Einstein’s
quest for the reconciliation of this conflict, a quest that
led to the unification of matter and energy, and of space
and time in his special and general theories of relativity.

The special theory has had its awesome confirmation
in mankind’s command of the nuclear force. Schwinger
shows how the general theory, in turn, has stood up
for 70 years to experiments drawn from the theory by
Einstein, himself, and by his successors, employing
ever more ingenious instrumentation and carrying the
proofs ever farther beyond the decimal point.

In the last chapter, Schwinger describes space-age
experiments made possible by the technologies that in-
corporate the theory itself. Their outcomes may not only
secure further confirmation of Einstein’s legacy, but face
it with difficulties that lead on towards a still more com-
prehensive theory.

Julian Schwinger was awarded the Einstein Prize in
1951, the National Medal of Science in 1964, and the Nobel
Prize for physics in 1965.

He is currently University Professor of the University
of California, Los Angeles. He received his Ph.D. from
Columbia University and has been on the faculty at Pur-
due University and Harvard University. Through the years,
he has done theoretical work in various areas of both
classical and quantum physics.

“I am bhappy to report, that his book makes for de-
lightful and instructive reading.

“It is particularly gratifying that the subject’s intri-
cacies are so well conveyed here in simple language.
Altogether; this well printed and pleasingly illustrated
book is an ideal gift for the curious non-expert.”

—NATURE
250 PAGES, 200 ILLUSTRATIONS

71:; difference [between this and other book series]
comes in the quality of the authors, who combine eminence
in their fields with proven gifts of exposition. With the hand-
some volumes in front of us what response can there be but
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—Nigel Calder, NATURE
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QUESTAR

. . . the priceless telescope

Some people say a Questar telescope
is expensive; others say it is a priceless
possession. We say that its price is a fair
one, based on our maufacturing costs,
with only a modest profit added. We
think it is a price that the serious
astronomer is willing to pay for the
finest instrument he can own. Not only
is he acquiring optical resolution that
many claim surpasses theory, but, in
addition, will enjoy a mount designed to
accomplish all the motions of a great
observatory telescope with the utmost
ease, on a table top.

Some would say the price of perfec-
tion comes high, but we are not sure
about that either. In the thirty years we
have been making Questars we have
seen the price of cars increase sixfold.
Questar’s price for perfection has slight-
ly more than doubled.

So why not have a Questar telescope?
It will give you

* admission to the stars

* a membership card to all the sky
spectaculars

® an intimate look into the shadows
of the moon

® access to the secret lives of
nature’s world

¢ travel opportunities with an easily
portable telescope in its own hand
luggage

¢ free special indoor entertainment
at ten feet in full color

A Questar is not only a priceless
telescope, it is a unique experience.

LET US SEND YOU OUR LITERATURE DESCRIBING
QUESTAR, THE WORLD'S FINEST MOST VERSATILE
TELESCOPE. PLEASE SEND $2 TO COVER MAILING
COSTS ON THIS CONTINENT. BY AIR TO SOUTH
AMERICA, $3.50; EUROPE AND NORTH AFRICA, $4;
ELSEWHERE, $4.50. INQUIRE ABOUT OUR EXTEND-
ED PAYMENT PLAN.
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We were delighted to read these observ-
ing notes sent to us by Dr. Stanley Sprei of
Ft. Myers, Florida, and thought you too
might find them interesting.

"I enjoy working near the theoretical
limits of my Questar, and recently a
moonless, dry and empty sky afforded
an opportunity to seek out some faint
planetaries.

“The first target was NGC 1502, an
open cluster forming two diverting
chains of stars, one chain containing an
easy 7th magnitude pair, which served
as a guidepost. Two degrees of declina-
tion away is the 12th magnitude plane-
tary NGC 1501, which appeared as a
disc seen best at powers from 60 to
130x. I found it again the following
weekend despite humid atmosphere
and the presence of a 3-day old moon
in the west.

“In Gemini I observed NGC 2158.
Burnham'’s gives 12th magnitude for this
open cluster, but its brilliance in the
Questar would indicate that it is prob-
ably brighter than 12th.

““The most difficult object I have
observed so far is NGC 2438, the
planetary nebula within M46. Although
Burnham'’s lists it as magnitude 11, 1
found it more difficult than 1501 which
is supposedly one magnitude fainter. I
was glad to have seen it, as the Cam-
bridge Deep Sky Atlas lists it as an
object for at least a 6-inch scope.”

1984 QUESTAR CORPORATION

QUESTAR

Box 59, Dept. 208, New Hope, PA 18938
(215) 862-5277
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handlebars for steering. The craft is
ridden much as one would ride a rac-
ing bicycle. The structure that is nor-
mally above the water is, in fact, a
modified bicycle frame.

Flying Fish II was developed as a
refinement of the first version of our
craft. We attached lightweight pon-
toon floats to it in the hope that an un-
assisted takeoff could be made from a
standstill. This proved to be possible,
and with practice acceleration from a
standing start to the fully foil-borne
mode took only three seconds. The
craft also became much more prac-
tical because it could now “land” on,
as well as take off from, its floats.
(The catapult-launched Flying Fish I
gave the rider a dunking whenever
he stopped pedaling.)

Aboard the Flying Fish II one of us
(Abbott) recorded a time of six min-
utes 39.44 seconds over a 2,000-meter
course from a standing start—about 10
seconds faster than the single-person
rowing-shell record. From a flying
start the hydrofoil watercraft also was
able to sprint 250 meters in 38.46 sec-
onds, reaching a maximum speed of
approximately 13 knots.

The time is ripe for a technological
revolution in human-powered rec-
reational watercraft. Laser Interna-
tional has just introduced the Mallard,
a partially enclosed, seaworthy boat
designed by Garry Hoyt. Several new
pedaled catamarans and proas (boats
that have one main hull and a small-
er stabilizing outrigger) offer rough-
water seaworthiness and impressive
speed. Jon Knapp of Saber Craft has
designed and built a propeller-driven
proa that is faster than a shell in rough
water but, unlike a shell, requires no
special skills to operate. The Dorycy-
cle, a propeller-driven single-hulled
craft designed by Philip Thiel, pro-
vides good load-carrying capacity at
speeds twice that of the rowed dory
from which it was derived.

Whether or not hydrofoil craft be-
come popular for recreation, there
seems to be little doubt that they will
figure prominently in the next round
of breaking records. The International
Human Powered Vehicle Association
encourages competition in human-
powered vehicles—on land, on sea and
in the air—without any arbitrary limits
placed on their design. Such competi-
tion will push the speed of human-
powered hydrofoil craft ever higher. It
is not farfetched to envision such craft
reaching speeds as high as 20 knots—
one and a half times as fast as the
speeds attained by Flying Fish Il and
significantly faster than the speeds at-
tained by racing shells powered by
eight athletic oarsmen.
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A Roman Apartment Complex

In the second-century Garden Houses of Ostia a rigorous geometry

prevailed. From the overall plan to individual mosaics, a particular

pattern, rich in philosophical suggestiveness,

by Donald J. Watts and Carol Martin

P l ear the mouth of the Tiber Riv-
er, under the flight path of Le-
onardo da Vinci airport, stand

the excavated brick remains of the an-
cient Roman port of Ostia. Among the
most fascinating ruins at this rich ar-
chaeological site are those of a neigh-
borhood of apartments, shops and gar-
dens called the Case a Giardino, or
Garden Houses. The Garden Houses
are impressive in part because they
were a planned complex; they were
surprisingly similar to a modern de-
velopment. Even in their ruined state,
with walls standing less than one story
high and weeds growing in the spaces
that at one time must have been beau-
tiful gardens, they convey a palpable
sense of order and design.

As part of a larger study of ancient
Roman houses we analyzed the Gar-
den Houses in detail. In the process we
found the key to their design: a sin-
gle geometric pattern that recurs at all
scales from the overall configuration
of the buildings to the layout of floor
mosaics. The pattern, which is based
on the square and a particular way of
dividing it, is called the sacred cut. By
ensuring proportional relationsamong
the parts of the complex and of the
parts to the whole, the sacred cut lends
unity and harmony to the design. To
the ancient Romans, and in particular
to the unknown architect of the Ostia
Garden Houses, the pattern may also
have had a more profound philosophi-
cal significance.

In its heyday during the first and sec-
ond centuries A.D. Ostia was a
densely populated city, its riverfront
busy with galley traffic, its warehouses
stocked with wheat, oil and wine des-
tined for the imperial capital. Silt,
along with the decline of the Ro-
man empire, killed Ostia. The Tiber
delta gradually became unnavigable,
the coast advanced westward and the
town was left behind. By the ninth cen-
tury it had been abandoned; over the
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next millennium periodic floods bur-
ied its ruins in mud.

The slow silting up of the Tiber cre-
ated at Ostia what the catastrophic
eruption of Vesuvius in A.D. 79 created
at Pompeii and Herculaneum: a trea-
sure of information on the domestic
architecture of ancient Rome. (Con-
tinual rebuilding has destroyed most
of the ancient houses in the imperial
city itself.) The different sites are com-
plementary. In Pompeii and Hercula-
neum there are many well-preserved
examples of the traditional single-fam-
ily house, the domus, with its charac-
teristic arrangement of rooms around
a central atrium. In densely populated
Ostia, on the other hand, as in Rome
itself, only the very wealthy could
afford a domus; the middle and low-
er classes lived in three-to-six-story
apartment buildings called insulae.
The excavation of Ostia in the first
part of this century uncovered many
insulae, of which the Garden Houses
are the most impressive examples.

Although it is not known who de-
signed the Garden Houses, it is known
when they were built: in about A.D.
128, during the reign of the Emperor
Hadrian. The construction of a new ar-
tificial harbor near Ostia by Hadrian’s
predecessor Trajan had increased the
city’s commercial importance as the
gateway for the import of goods to
Rome. To accommodate the immi-
grants who flocked to Ostia (its pop-
ulation grew to about 50,000) more
than half of the city was rebuilt; do-
mus were replaced by massive insulae
of vaulted, brick-faced concrete. Tra-
jan and Hadrian were the patrons for
much of the building boom, but the

underlay the design

Watts

Garden Houses, the largest single proj-
ect, were probably a private invest-
ment. They appear to have been in-
tended for well-to-do merchants: they
were desirably situated near the sea
and away from the busy riverfront,
and the apartments were unusually
large and well decorated, with a few of
the units being particularly luxurious.
The Garden Houses complex con-
sisted of a continuous building perime-
ter, whose irregular shape was proba-
bly dictated by preexisting streets, sur-
rounding a rectangular courtyard ap-
proximately 100 meters long by 80
meters wide [see illustration on page
135]. Within the courtyard were two
prominent, freestanding buildings.
Each consisted of standardized apart-
ments, with four apartments on the
ground floor. Each apartment had a
central space and main path of circula-
tion that took the place of an atrium
and that may have been called a me-
dianum. At the ends of this long,
light-filled room, which faced the exte-
rior wall, there were two other major
rooms. Several smaller, windowless
bedrooms adjoined the medianum,
from which they got both light and air.
The buildings on the perimeter con-
tained at least nine additional ground-
floor apartments as well as about 40
shops. All the ground-floor apart-
ments in the courtyard buildings and
most of those in the perimeter build-
ings had an internal stairway lead-
ing to a mezzanine. Separate stairways
opening directly onto the courtyard or
the street gave access to apartments in
the upper stories. Little is known about
the upper stories; only the ground
floors of the Garden Houses have sur-

GARDEN HOUSES were excavated along with the rest of Ostia in the first part of this
century. The apartment complex, which was built in about A.D. 128, consisted of a contin-
uous building perimeter surrounding two buildings in a rectangular courtyard. The photo-
graph was made from above the main east-west axis of the complex; the front (east) gate
is at the bottom. The “House of the Muses” in the northeast corner has been restored.
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vived. The thickness of the walls indi-
cates the buildings were probably four
stories high, including mezzanines.
Depending on the size of the upper
apartments and on whether they too
had mezzanines, the complex could
have had anywhere from 40 to 100
apartments. It probably housed be-
tween 400 and 700 people, including
shopkeepers who lived in their shops.
The complex is oriented approxi-
mately to the compass points; its front
and the main gate face east. Given the
irregular shape of the perimeter, it is
the large rectangular courtyard that
imposes geometric order on the com-
plex. Its major axis follows the corri-
dor between the two courtyard build-
ings and connects the large east gate to
a smaller gate on the west side. The mi-
nor north-south axis is defined by cov-
ered passageways bisecting the court-
yard buildings; its lesser importance is
indicated by the fact that the north and
south gates are offset from the axis.
The two axes cross at the center of the

complex. It is likely that the center was
further emphasized by the landscape
plan—a focus on the center is a hall-
mark of Roman design—but one can-
not say for sure: all that remains of the
original gardens are six fountains, near
the east and west edges of the court-
yard, from which the residents drew
their water.

Both the fountains and the courtyard
buildings turn out to be key ele-
ments in the geometric ordering of the
Garden Houses. As we measured and
inspected all parts of the complex we
became increasingly aware of the ar-
chitect’s hand, of a deliberateness in
the size and positioning of the court-
yard buildings. In attempting to ac-
count for this sense of order we consid-
ered and rejected dozens of geometric
schemes on which the architect might
conceivably have relied. Finally we hit
on the idea of the sacred cut.

The sacred cut is a simple geometric
operation [see illustration on page 136].

It can be carried out with a straight-
edge and a compass, both of which are
known from the writings of the archi-
tect Vitruvius to have been employed
by Roman builders in determining
ground plans. One begins by drawing
a square (the reference square) and
its diagonals. Next one draws quarter
circles centered on the corners of
the square, each with a radius equal
to half of the diagonal. The arcs pass
through the center of the square and
intersect two adjoining sides; together
they cut the sides into three segments,
with the central segment being larger
than the other two. By connecting the
intersection points one can divide the
reference square into a nine-part grid.
At the center of the grid is another
square (the sacred-cut square) that can
serve as the foundation for the next sa-
cred cut.

The term sacred cut is not an ancient
one; it was coined some 20 years ago
by the Danish scholar Tons Brunés. As
it happens, the length of an arc in the

TYRRHENIAN SEA

OSTIA was a boom town in the second century A.D. The construc-
tion of a new artificial harbor (not shown) on the Tyrrhenian Sea
had increased Ostia’s importance as the major port of Rome;
goods imported from around the Mediterranean were shipped
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from the harbor to Rome, some 25 kilometers away, by way of the
Tiber River. As Ostia’s population swelled to about 50,000, many
apartment buildings were erected, including the Garden Houses
(color). The drawing is based on a model derived from the ruins.



sacred cut is equal, to within about .6
percent, to the length of the diagonal
- of the rectangle that is half of the ref-
erence square. According to Brunés,
this near-equality of an arc and a
straight line may have convinced an-
cient builders they had found an em-
pirical way of squaring the circle, that
is, of constructing a square with the
same perimeter as a given circle, or
vice versa. (A circle cannot be squared
precisely because the perimeter of a
square is a rational number, whereas
the circumference of a circle is propor-
tional to the irrational number 7.) To
ancient geometers the circle symbol-
ized the unknowable, spiritual part of
the universe and the square represent-
ed the comprehensible world. Squar-
ing the circle was a means of ex-
pressing the unknowable through the
knowable, the sacred through the fa-
miliar. Hence the term sacred cut.
Although Vitruvius does not discuss
the sacred cut specifically, he does
mention the importance of geometric
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patterns as a way of achieving what
he considers the most important qual-
ity of a good design: proportional re-
lations among the various elements.
Brunés has traced the application of
the sacred cut from the ancient Egyp-
tians through the Greeks and Romans
to medieval Europe. (He believes the
idea was transmitted from Egypt to
Greece in the sixth century B.C. by the
philosopher Pythagoras.) Most nota-
bly, he has found the sacred cut in the
design of the Roman Pantheon, which
was built at about the same time as the
Garden Houses of Ostia.

Sacred cuts are pervasive in the de-
sign of the Garden Houses, be-
ginning with the overall layout of the
complex. A sequence of three cuts of
three reference squares define both the
size and the position of the courtyard
buildings and thereby also of the open
spaces in the courtyard [see illustration
on page 137]. In the process the cuts
emphasize the center and the axes of
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GROUND-FLOOR PLAN of the Garden Houses complex shows
its basic geometry. The major east-west axis and the minor north-
south axis cross at the center of the complex. The buildings were
probably four stories high. Each of the 17 ground-floor apartments
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the apartment complex, giving it a for-
mal unity.

The largest reference square follows
the perimeter of the complex. It does
so only approximately because the
shape of the perimeter is irregular.
That the square has not been chosen
arbitrarily, however, can be seen from
the fact that a circle drawn within the
square and tangent to its sides just
touches the corners of the courtyard.
The center of both the circle and the
square marks the center of the com-
plex. The sacred cuts of the east
and west sides of the square estab-
lish guidelines that coincide with the
northernmost and southernmost walls
of the two courtyard buildings. These
walls reaffirm the dominance of the
east-west axis established by the shape
of the courtyard.

Proceeding toward the center, the
next reference square is based on the
width of the courtyard. Because the
courtyard is rectangular, the east and
west sides of the square do not follow

o0 o
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consisted of several rooms surrounding a central space, which may
have been called the medianum (light color). The complex also
included many shops (dark color). Entrances to the gardens in the
courtyard were at the sides and in the corners of the complex.

135



the edges of the courtyard; instead
they coincide precisely with the in-
ner edges of the six fountains. Sacred
cuts of this square define the next con-
structional planes: the spines of the
courtyard buildings, along which thick
party walls separated back-to-back
apartments. The party walls further
emphasize the east-west orientation of
the complex.

REFERENCE
SQUARE

SACRED-CUT
SQUARE

! X

V2 &
4

-
A

“SACRED CUTS” of a reference square
are constructed by drawing arcs that are
centered on the corners and pass through
the center of the square (fop). By connect-
ing the points where the arcs cut the sides
one obtains a nine-part grid; the central
square is called the sacred-cut square. The
length of each arc 4B is equal, to within .6
percent, to the length of the diagonal CD
of half of the reference square (middle).
Hence the sacred cut provides an approx-
imate method of squaring a circle: the
perimeter of a square composed of four
lines CD is nearly equal to that of a circle
composed of four sacred-cut arcs (bottom).
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The sacred-cut square at the center
of the second reference square serves
as the third and last reference square.
Its sacred cuts in turn mark the po-
sition of the innermost walls of the
courtyard buildings, the walls closest
to the center of the complex, which
bound the central east-west corridor.
When the three reference squares are
superposed, they nest concentrically
inside one another, and their sacred
cuts appear to unfold like the layers of
an onion.

Sacred-cut geometry not only unifies
the complex as a whole but also
shapes the design of individual build-
ings. For example, the diagonal of
the smallest sacred-cut square in the
above sequence is equal to the outside
width of the courtyard buildings. Fur-
thermore, each building is five of these
squares in length. The central square
in the row of five encloses the stair-
ways and the entrance halls of the
building, whereas the squares on both
sides define the living spaces.

The geometry extends further to in-
dividual apartments in the courtyard
buildings [see illustration on page 138].
Here the sacred cut serves not as a
method of positioning design elements
but as a source of a series of propor-
tional, whole-number dimensions that
regulate the plan of the apartments.
The reference square in this case has a
diagonal of 58 Roman feet, which is
the inside rather than the outside width
of the courtyard buildings. (A Roman
foot is .295 meter, or roughly 112
inches.) The square is 41 Roman feet
on a side. Two successive sacred cuts
yield line segments of 17, 12, seven
and five Roman feet.

These dimensions or multiples of
them figure prominently in the apart-
ment plan. The interior width of an
apartment is 28 feet, or four times sev-
en feet. The width of the medianum
and of the bedrooms is half of that, or
14 feet. The windows in the largest
room are five feet wide; the space be-
tween them is two feet, and so the
width of a window unit is seven feet.
Hallways inside the apartments are
five feet across. The width of the pub-
lic space, consisting of the covered
passageway and the stairway to the up-
per stories, is 17 feet.

The dimensions must have held
more than a merely practical signifi-
cance for the architect of the Garden
Houses: they are precisely the num-
bers generated by the Pythagorean
procedure for approximating the irra-
tional square root of 2. The procedure
begins with a square one unit on a side.
The diagonal of the square, which ac-
cording to the Pythagorean theorem is
equal to the square root of 2, is given
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the approximate value of 1. Next the
diagonal is added to the side of the
square to generate the side of a larg-
er square; the diagonal of the second
square is roughly equal to the diagonal
of the first square added to twice the
side of the first square. By construct-
ing a series of squares in this manner
and dividing the approximate diagonal
of each square by its side, one obtains
the series of ratios 1/1, 3/2, 7/5,
17/12, 41/29 and so on. The series
converges toward the square root of 2.

The same series of ratios can be gen-
erated by squares and sacred cuts, be-
cause the ratio of the side of a square
to the radius of its sacred-cut arc is
also equal to the square root of 2. (In
this case the side of each square in the
series is constructed by adding the side
of the previous square to twice its sa-
cred cut.) The fifth square in the series
has a side of 41 and a sacred cut of
29—as does the square underlying the
apartment plan of the Garden Houses.

By basing the plan on a series of
numbers that approximate the irra-
tional square root of 2, the architect
of the Garden Houses was making a
philosophical statement akin to that of
squaring the circle (which is equiva-
lent to approximating 7). In both in-
stances the sacred cut is the means of
expressing the irrational and undefin-
able by the rational and definable.

A the smallest scale in the Garden
Houses the sacred cut underlies
the design of individual floor, wall and
ceiling decorations. None of the deco-
rations in the courtyard buildings are
well preserved, but some have sur-
vived in the perimeter. In a building
called the House of the Muses, at the
northeast corner of the complex, a

GEOMETRIC ORDER of Ostia’s Garden
Houses complex is established by three
successive sacred cuts. A square roughly
congruent with the perimeter of the com-
plex encloses a circle that touches the cor-
ners of the courtyard (a). Sacred cuts of
the east and west sides of this reference
square determine the position of the outer
walls of the courtyard buildings (b). The
second reference square, concentric with
the first, is defined by the width of the
courtyard and the positions of the foun-
tains; the sacred cuts of its east and west
sides guide the placement of the party
walls along the spines of the courtyard
buildings (c). The third reference square is
the sacred-cut square of the second, and
its cuts define the innermost walls of the
courtyard buildings (d). The buildings are
precisely five times as long as the final sa-
cred-cut square, and their width is equal to
its diagonal (e). A superposition of all the
sacred cuts shows how they unfold from a
common center, thereby emphasizing the
major east-west axis of the complex (f).
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APARTMENT PLANS in the courtyard
buildings are regulated by the sacred cuts
of a square whose sides are 41 Roman feet
long and whose diagonal is equal to the in-
terior width of the buildings (58 feet). Two
back-to-back apartments, separated by a
two-foot party wall, are shown. The dimen-
sions established by successive sacred cuts
of the square appear throughout the apart-
ments; the number 7 and its multiples are
particularly frequent. The number series
generated by the sacred cuts is the same as
the one used by ancient geometers to ap-
proximate the irrational square root of 2.
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square floor mosaic fills most of one
room. In the center of the mosaic there
is a square medallion; its size is defined
by the sacred cut of the outer border.
Similar compositions are found in oth-
er parts of the Garden Houses. In
some cases the mosaics in different
rooms of the same apartment seem to
be related in size and geometry. For
example, the mosaic in one room may
be the size of the sacred-cut square of
the mosaic in a larger room.

In addition to having floor mosaics
it is likely that most of the rooms in the
Garden Houses were decorated with
brightly colored ceiling and wall paint-
ings. None of the ceiling paintings are
intact, but there are enough fragments
of one of them to make it possible to
reconstruct its composition. Like the
floor mosaics it is square and central-
ized. Sacred cuts of the outer square
determine the positions of two sets of
arcs; the sacred-cut square of the outer
border is then cut again to define a
central medallion.

Paintings on the interior walls also
give evidence of the sacred cut. To be
sure, many of the walls are not square,
being either wider than they are high
or higher than they are wide. Never-
theless, in almost all the preserved
paintings the composition appears to
be based on a conceptual reference
square whose sides are the width of the
wall. The geometry of the sacred cut
not only determines the placement of
major elements of the composition but
also, as in the apartment plans, pro-
vides a set of numbers that govern cru-
cial dimensions in the painting.

The sacred cut is only one of many
geometric patterns, most of them
strongly centralized and axial, that are
found in Roman design. Yet its insis-
tent repetition at all scales in the Gar-
den Houses of Ostia suggests that it
had a kind of ritualistic importance.
We are now looking for the sacred cut
elsewhere in Roman architecture. Al-
ready our measurements have re-
vealed its presence in the plan and dec-
oration of many single-family houses
in Pompeii and Herculaneum, which
were built between one and three cen-
turies before the Garden Houses; ap-
parently the sacred cut was a feature
of the domus that was retained when
Roman architects began designing
high-density housing. And of course
the application of the pattern went
beyond domestic design. As we men-
tioned above, Brunés has discovered it
in such public buildings as the Panthe-
on. It may even have been used in ur-
ban planning: we have found tentative
evidence that an entire Roman city,
built in the Middle East in the first
century A.D., was laid out using a ge-
ometry determined by the sacred cut.
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MOSAICS AND PAINTINGS in the Garden Houses are in many
cases laid out according to the geometry of the sacred cut. The
photograph shows a floor mosaic in the House of the Muses. The
medallion at the center of the mosaic is the sacred-cut square

of the outer border (ftop leff). In the design of a ceiling painting
(top right) sacred cuts of the outer border determine the radius of
the corner arcs, and the large side arcs are tangent to the sacred-
cut square. The cuts of that square frame the central medallion.
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Methods for going through a maze

without becoming lost or confused

by Jearl Walker

hat is the best way to pene-
trate a maze from an en-
trance to an interior goal?

Is there any way to reach the goal and
return to the entrance without trav-
eling any path twice? Can you avoid
endlessly circling within a maze? Sup-
pose you realize you are lost. How
can you find your way back to the en-
trance without wandering hopelessly
farther into the maze? In examining
these questions I shall introduce some
delightful color mazes developed by
Minotaur Designs in England.

Several terms require definition. An
entrance to a maze is where you begin
your search; it is usually on the perim-
eter of the maze. The goal is the point
for which you search. It can be any-
where in the maze; it may be an exit. A
node is an entrance, a goal or any point
where a path branches or dead-ends.
The path between successive nodes is
called a branch. A route is a sequence
of branches. A wall is the side of a
path. In a cave system the wall is ob-
vious. In a garden maze it may be a
hedge or shallow mounds that border
and define the paths of the maze.

Some mazes have nodes only at the
entrance and the goal. You follow a
sinuous route to the end without any
risk of becoming lost. Mazes with ad-
ditional nodes are harder to solve be-
cause they require decisions about
which branches to explore. If you
choose branches at random, you may
end up circling aimlessly, never reach-
ing the goal or even regaining the en-
trance. Some mazes limit your explo-
rations. For example, you may be al-
lowed to travel along a branch only
once or only in a certain direction.
You may also be required to visit cer-
tain places within the maze in a special
order. If the maze has several possible
routes to the goal, you may be re-
quired to find the route that involves
the lowest number of nodes. I call this
technique a minimal route.
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If you have a map of a maze, you
can always find a direct route from the
entrance to the goal by trial. The task
is easier if you shade the dead ends. As
you extend the shading a direct route
becomes apparent.

What if you enter a maze without a
map or even the means of making one?
How should you make decisions at the
nodes to avoid becoming lost?

One technique is to choose the same
direction at each node. For example,
you could decide always to choose the
branch farthest to the right. If it dead-
ends, you return to the node and
choose the branch next farthest to the
right. You may end up traveling
through branches twice, once in each
direction, but eventually you will
reach the goal. On your way back to
the entrance you could either continue
to choose the rightmost branch at each
node, possibly traveling through new
regions of the maze, or you could al-
ways choose the leftmost branch and
thus exactly retrace your route to the
goal. I call the technique of consistent-
ly choosing branches on either the
right or the left the hand rule.

The hand rule works only for mazes
that are said to be simply connected.
The term indicates that the maze does
not contain a closed route: a route that
loops back on itself. A closed route is
created by a walled island that does
not connect with other walls in the
maze. A maze with one island or more
is said to be multiply connected.

The first multiply connected hedge
maze was constructed in the 1820’s
at Chevening in Kent, England. It has
eight interlocking islands [see top illus-
tration on opposite page]. The nodes are
numbered, with node 1 at the entrance
and node 18 at the goal. Suppose you
enter this maze without benefit of a
map and employ a right-hand rule at
each node. You travel through a se-
quence of nodes 1-2-3-4-14-13-9-
11-8-10-2-1, never reaching the goal.
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You may even think you have seen all
of the interior, which would indeed be
the case if you returned to the entrance
in a simply connected maze.

A hand rule for exploring a multiply
connected maze will fail only if the
maze has a closed route around its en-
trance or goal. All other closed routes
pose no problem. Suppose you ap-
proach an interior island [see illustra-
tion at bottom left on opposite page]. If
you consistently employ either the
left-hand or the right-hand rule, you
cannot be trapped in a closed route
around the island. In order to be
trapped going clockwise you must err
by first choosing the leftward branch
at node @ and then choosing the right-
ward branches thereafter. To become
trapped going counterclockwise you
must err by first choosing the right-
ward branch at node @ and then choos-
ing the leftward branches thereafter.
(This principle will be of little comfort
when you enter a maze without know-
ing whether you are already traveling
around an island or whether the goal is
protected by an island.)

The complexity of a maze can be
greatly reduced if a map of it is topo-
logically distorted into a simpler pat-
tern called a network. In such a pattern
all the nodes and interconnections are
retained but the twisting of pathways
is eliminated. In a network for the
Chevening maze a direct route of 1-2—
3-4-5-12-18 to the goal is easy to see.
Another route, 1-2-3-6-7-12-18, is
just as good because it involves the
same number of nodes. Each loop in
the network is produced by an island.

In a network a direct route from the
entrance node to a goal is laid out in a
straight line. A dead-end branch leaves
the direct route and does not return.
An island at the entrance creates a
route that encircles the entrance node.
It can intersect the direct route at one
node with four branches or at two
nodes. The hand rule for exploration
fails with this closed route. Another
loop encircles the goal, again nullify-
ing the hand rule. An encircling route
can also be drawn as passing under the
direct route. Interior islands create
loops that intersect the direct route at
either one node or two nodes. Note
that if you pass into such a loop with
the hand rule, you eventually escape
from the loop and continue along the
direct route toward the goal. More
complicated loops that make addition-
al connections with the direct route
can also be escaped from.

Since the hand rule does not guaran-
tee success in reaching the goal, how
should one explore a maze? Sever-
al techniques are known, but the one
most widely cited is credited to one
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M. Trémaux in the 1882 publication
of Edouard Lucas’s Récréations ma-
thematiques. In the illustration of it at
the left the terms old node and new
node record whether a node has been
visited before. As you enter or leave
a branch, mark the wall or the floor
somehow. Whenever you come to a
new node, choose any branch. If you
come to a dead end, return to the pre-
vious node. If you travel along a path
previously untraveled and reach an
old node (it will have marks on at least
two of the branches), go back to the
node you just left. If you are on a pre-
viously traveled path, choose a new
branch. If that is not possible, choose a
branch that has been traversed only
once. This procedure is laborious and
will probably take you along a lengthy
route, but it avoids all traps.

Suppose you enter a maze, pass a
number of nodes without taking notes
or marking your path and then realize
you are lost. How can you best re-
turn to the entrance without moving
hopelessly deeper into the maze? In
1959 Oystein Ore of Yale University
published a procedure for dealing with
such a situation.

Imagine that in a maze network you
are at a point x and not only have lost
your way but also have forgotten the
number of nodes through which you
have passed [see borrom illustration at
left]. From x explore each branch un-
til you come to another node. As you
enter the branch, mark it with a 1. If
you come to a node that has new
branches, mark the branch you are in
with another 1 and return to x. If you
come to a dead end, mark the branch
as being closed when youreturn to x. If
a branch loops around in such a way as
to return to x, mark each end of the
branch as being closed.

Next explore each unclosed branch
to a distance of one additional node.
As you leave x, add another mark of 1
to the entrance of the branch. When
you leave the branch at the next node
(which you reached on the preceding
venture), mark another 1 at this nodal
exit point. (The node now has two
marks.) As you enter a new branch at
the node, mark 1 at its entrance. If the
branch is a dead end, return to the
node you just left and mark the branch
as being closed. If you come to a node
that you have already visited from
some other branch leading from x,
mark each end of the branch you are
then in as being closed. An example is
the branch connecting nodes @ and 4 in
the illustration. Return to the node you
just left.

When you have completed the ex-
plorations from x to a distance of two
nodes in all possible directions, retuin
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“A*maze*ment” by Minotaur Designs

“Alphabet Soup”
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to x and begin exploring to a distance
of three nodes. Remember to add a 3
to each branch as you enter it and as
you leave it. Note that at any distant
node you can always determine the
direction back to x by comparing
the marks on the branches: the branch
leading back to x has the higher num-
ber. The illustration represents explo-
rations to a distance of three nodes.
You will regain the entrance when you
extend the explorations to a distance
of four nodes.

Minotaur Designs is a small com-
pany that builds full-size mazes in
England and other countries. Adrian
Fisher, one of its partners, sent me
drawings of three of the company’s
unique color mazes. The first maze,
called “A*maze*ment,” was originally
laid out in Epsom for an exhibition.
You can follow the drawing of it at the
left with a finger or a pencil. You enter
the maze on the red path leading to
node R and attempt to reach the goal
at the center by way of a minimum of
nodes. At each node you must change
colors. For example, if you reach node
I by the blue path, you cannot leave it
on another blue path.

The maze design contains many
more nodes than the eight indicated by
letters. For example, node /is actually
two distinct nodes, one if you enter it
on a red branch and another if you en-
ter it on a blue branch. If you draw a
network for this maze, you must in-
clude one node for the blue I and an-
other node for thered I

The second color maze is called “Al-
phabet Soup.” It too requires a change
of colors at each node. Beginning on
the red path to node H, what is the low-
est number of nodes needed to reach
the goal in the center? This maze is
cleverly designed. If you attempt to
work backward from the goal, a stan-
dard technique among maze enthusi-
asts, you quickly lose your way. The
interior of the maze, marked by the
square defined by O, D, Gand L, is dif-
ficult to breach. Many paths extending
from the entrance loop back to the en-
trance. After I had figured out how to
reach the interior, I discovered several
direct routes with 11 nodes (counting
the goal and considering H as the first
node), but a direct route of 10 nodes
took longer to discover. I think it is the
minimal route.

The third maze, called “The Giant’s
Bridge,” imposes a different restric-
tion at the nodes. You are required to
choose a new branch according to the
sequence red, blue, yellow, green. If
you enter a node on a red branch, you
must leave on a blue one. Green calls
for red and so on.

The center of the maze contains a



“The Giant’s Bridge”

bridge and an underpass of branches.
What is the lowest number of nodes
needed to travel from node 1 to the
goal of node 9? Fisher’s solution (in
the form of a network) is shown on the
next page. Note that like the other col-
or mazes, the network contains many
more nodes than are readily apparent
in the maze itself.

The properties of networks were ini-
tially outlined in 1735 by the eminent
Swiss mathematician Leonhard Euler.
Consider any connected network. A
node is said to be odd or even accord-
ing to the number of branches joining
it. A route is any consecutive series of
branches in which no branch is tra-
versed twice. A reentrant route ends
where it begins. A unicursal route goes
through the entire network without re-
peating a branch.

Euler set forth four general rules
concerning networks. (1) The num-
ber of odd nodes must be even or zero.
(2) If a network has no odd nodes, it
can be traveled unicursally by begin-
ning at any node. Moreover, any such

route is reentrant. (3) If a network has
only two odd nodes, it can be traveled
unicursally by a route that begins at
one of them and ends at the other one.
Any route that begins at an even node,
however, cannot traverse the network
unicursally. (4) Any network that has
more than two odd nodes cannot be
traveled unicursally by a route. It can
be fully explored by several routes
without traveling over a branch more
than once. If it has 2n odd nodes, it can
be fully explored in n routes.
Examples of the rules appear in the
upper illustration on page 147. In the
first network the number of odd nodes
is even. If you begin at one of the two
odd nodes, you can travel unicursally
through the entire network to end at
the other odd node. If you begin at the
one even node, you need two routes to
explore the full network. The second
network has an extra branch. Again
the number of odd nodes is even. Since
there are now more than two odd
nodes, a unicursal route is impossible.
Exploration of the full network re-
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quires at least two routes. Two exam-
ples are shown.

Often, but not always, a maze has an
odd node at the entrance and another
one at the goal. If all the other nodes
are even, you can travel from the en-
trance, through the entire maze and to
the goal without going through any
branch more than once. If there is even
a single additional odd node, however,
you will have to travel over at least
one branch twice in order to explore
the entire maze.

The study of networks, now called
graph theory, is widespread in mathe-
matics, electrical engineering, com-
puter processing, route designing and
many other fields. Graph theory in-
volves networks of the types appli-
cable to mazes with one exception:
it does not allow a branch to leave a
node and then loop back to that node.
A maze loop of that kind can nonethe-
less be altered to fit graph theory by in-
serting an artificial node into the loop.
In a maze this node would be a trivial
one, involving no decision other than
one to quit the current direction in a
branch and return to the previous node
before the next node is discovered.

Graph theory offers an elegant way
to tackle a maze in which you are re-
quired to find a minimal route. You
begin by constructing a matrix of the
connections between successive nodes.
The maze network shown in the lower
illustration on the opposite page has
eight nodes; its matrix is a square with
eight elements on a side. The num-
ber of connections between successive
nodes is entered as an element in the
matrix. For example, since there is one
connection running from node 1 to
node 2, the element with coordinates
of 1 (vertical) and 2 (horizontal) is 1.
Since you could also travel from node
2 tonode 1, the 2-1 element is also 1. If
there were two connections between
successive nodes, the corresponding
element would be 2. A O is inserted
at all the empty elements. Call this
matrix M. Note that it is symmetric
around a diagonal running from the
top left to the bottom right. The sym-
metry results from the fact that you
can travel along any branch in either
direction.

If M is multiplied by itself to yield a
new matrix M2, you can determine
which nodes are connected by a route
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consisting of two branches. The calcu-
lation proceeds as follows. Multiply
the first element in the first column by
the first element in the first row. Then
multiply the second element in the first
column by the second element in the
first row. Continue multiplying corre-
sponding elements in this way. When
you have finished multiplying, add the
products and enter the result as the 1-1
element of M2

Next deal with the first column and
the second row. Multiply correspond-
ing elements, add the products and
enter the result as the 1-2 element of
M?2. Then multiply corresponding ele-
ments of the first column and the third
row and enter the result as the 1-3 ele-
ment of M2. When you have finished
with the rows, go through them again
with the second column. When the sec-
ond column and the first row are mul-
tiplied, the result is the 2-1 element of
M?2. When corresponding elements in
the second column and the second row
are multiplied, the result is the 2-2 ele-
ment of M2 Continue down the rows
and then proceed to the third column.
When you have worked through all the
columns, you have completed M2,

The elements of M2 lying on the line
of symmetry reflect the number of
ways you can move from any given
node to a connecting node and back to
the initial node, thus traveling over a
branch twice. The rest of the elements
involve travel from one node to anoth-
er by aroute of two branches. Element
2-4 is 1, indicating that there is only
one route connecting nodes 2 and 4 by
two branches. Element 2-5 is 2, indi-
cating that there are two routes con-
necting nodes 2 and 5 by two branches
each. Is there a route that leads from
the entrance node 1 to the goal node 5
by means of two branches? No, there
is not, because the 1-5 element in the
matrix is 0.

By multiplying M2 by M to yield
M3, you can generate a matrix that
counts the number of ways you can go
from one node to another by a route of
three branches. For example, the 1-4
element is 1, indicating that there is
only one route of three branches link-
ing node 1 with node 4: 1-2-3-4. Some
routes are convoluted. For example,
of the six routes linking nodes 2 and 3
by three branches, one is 2-3-4-3.
Is there a three-branch route linking
nodes 1 and 5? Yes, there is: this time
the 1-5 element is not 0. The value of 2
indicates that there are two routes con-
sisting of three branches by which it is
possible to reach the goal from the en-
trance node.

Matrix analysis can be applied to
more complex mazes that are not
readily solvable by sight. All the nodes
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A matrix representing a maze network

are numbered and the number of con-
nections between successive nodes is
listed in a matrix. The power of the
matrix is raised until a number ap-
pears in the element corresponding to
a link between the entrance node and
the goal node. The power of the matrix
is the number of branches in the min-
imal route for the maze. The matrix
does not reveal where direct routes
are, but it can indicate whether a direct
route you may already have found is
the minimal route.

If a maze has one-way branches, its
matrix is modified. For example, if
you can move from node 4 to node 3

but not in the other direction, the ele-
ment 4-3 is 1 but the element 3-4 is 0.
If you enjoy the matrix approach to a
maze, you might like to see whether
the minimal route in “Alphabet Soup”
consists of 10 nodes as I asserted and
whether there is only one such route. A
copy of a paperbound book, A Cel-
ebration of Mazes, is available from
Minotaur Designs for £3 in the U.K.
and Europe (42 Brampton Road, St.
Albans, Hertfordshire AL1 4PT,
U.K.) or for $9 in North America (247
Montgomery Steet, Jersey City, N.J.
07302). Readers in other regions
should inquire at the U.K. address.
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