SCIENTIFIC
AMERICAN

ISLAMIC ASTRONOMY

© 1986 SCIENTIFIC AMERICAN, INC



4\

|4

Now... THE DAWN OF A NEW

Whenever Zeiss has turned its optical quality and reliability. advances in microscope produc-
hand to the very fundamentals of In 1866 Ernst Abbe, work- tion and technique.

microscopy, microscopy has ing with Zeiss, formulated his - Now in 1986 a wider chapter
changed. “Theory of Image Formation in in the history of Zeiss micro-
In 1846 and the years follow- the Microscope,” which made scopy begins: Zeiss presents
ing, the reputation of the Carl possible the series production microscopes with entirely new
Zeiss workshop was established of high-quality microscopes. infinity color-corrected “ICS
based upon microscopes of un- In ensuing decades Zeiss has Optics” and unique system-
paralleled mechanical precision, pioneered many of the major integrated *“SI Architecture.”
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ZF1sS AGE IN MICROSCOPY,

At last, one microscope can per- semiconductor industry, the ZElss
form all microscopic techniques “Pyramids of Zeiss,” the new

without complicated restructur- AXIOPLAN, AXIOPHOT and
ing of the instrument. And, most AXIOTRON microscopes, open
important, with flawless image exciting prospects for the future.
quality and a consistent wide Carl Zeiss, Inc., West Germany
field of 25mm. One Zeiss Drive,
For biology, medicine, Thornwood, NY 10594. The Pyramids of Zeiss:
the material sciences and the (914) 747-1800. The New Geometry for Microscopes.
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How well does it perform

The sports sedan that asks
mwellcanwudrivef
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“.. W >~ creates achallenge.
W= Who is this that dares
to question the superiority of
BMW, Saab and Audi?

It is the Merkur XR4Ti from

Germany. And its challenge is

rooted firmly in its ability to perform.

XR4Ti takes a sophisticated
approach to performance. Its
power comes from the advanced
technology of blow-through
turbocharging and multi-port
fuel injection. The resultis 175
horsepower (SAE) from a compact
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2.3-liter overhead cam 4-cylinder
engine. Its redline is an exhilarat-
ing 6200 rpm. The suspension is
fully independent.

Even XR4Ti's shape enhances
its performance by managing the
flow of air over, under and around
the vehicle. The results are
excellent directional stability and
improved fuel efficiency.

XR4Ti takes a functional
approach to comfort, catering to
the driver's needs- whether run-
ning down a twisting country road
or locked in rush hour traffic.

Merkur XR4Ti was designed
and engineered to surpass the
demands of serious drivers. It's
ready to accept your challenge.

The next move is yours.

For more information, visit a
Lincoln-Mercury-Merkur dealer or
call 1-800-822-9292.

MERKUR 22 =551

Advancing the art of driving.
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THE COVER

The photograph on the cover shows an astrolabe, a two-dimensional brass
map of the sky that was widely used by medieval Islamic astronomers (see
“Islamic Astronomy,” by Owen Gingerich, page 74). The pointers on the
open network (the rete) indicate the positions of prominent stars. By rotat-
ing the rete about the central pin one could simulate the apparent daily mo-
tions of the stars around the north celestial pole; with the help of a celestial
coordinate system engraved on an underlying solid plate, one could locate
the stars with respect to the horizon and the meridian. Among other things,
the astrolabe made it possible to tell time by day or by night. The device was
invented by the ancient Greeks, but the oldest dated specimen is the one
shown here, made by a Muslim named Nastulus in A.D. 927-28 and now
in the Kuwait National Museum. During the Middle Ages, Islamic astron-
omers preserved and transformed Greek astronomy, and it was from Is-
lam that astronomy—and the astrolabe—later passed to Renaissance Europe.

Page
19

20

21-22

23
34-36

37
38

39-40

43
44-45
47-49
50

51

THE ILLUSTRATIONS
Cover photograph courtesy of Al-Sabah Collection,

Kuwait National Museum

Source

Thomas Banchoff,
David Laidlaw and
David Margolis,
Brown University
Ilil Arbel (top), Ian
Worpole (bottom)
Thomas Banchoff,
Hiiseyin Kocak,
David Laidlaw and
David Margolis,
Brown University
1lil Arbel

George V. Kelvin,
Science Graphics
Sovfoto

Eli Brookner,
Raytheon Company
George V. Kelvin,
Science Graphics
James Kilkelly

Ilil Arbel

James Kilkelly

Carl Branden,
University of Uppsala

(top); Sally Black
(bottom)

Axel Briinger, Harvard

University (top);
Edward Bell (bottom)

Page

53-59

60

75

76-77

78
79-81

82

85-92
95
96-98
99

101

102-106
107
109
110-114
118-122

Source

Hank Iken,
Walken Graphics

Horst L.Stormer,
AT&T Bell Laboratories

Owen Gingerich,
Harvard University

Hank Iken,
Walken Graphics

Thomas Photos, Oxford

Hank Iken,
Walken Graphics

Bodleian Library,
University of Oxford

Tom Prentiss
Jon Brenneis
Ian Worpole
Jon Brenneis

Charles R. Belinky,
Photo Researchers, Inc.

Patricia J. Wynne
Thomas Bergman
Don Smithers
George Retseck
Michael Goodman

© 1986 SCIENTIFIC AMERICAN, INC

LETTERS

To the Editors:

The assertion by Fred H. Tschirley
in “Dioxin” [SCIENTIFIC AMERICAN,
February] that “concern that this ma-
terial is harmful to health or the envi-
ronment may be misplaced” is danger-
ously premature.

Tschirley repeats the often heard
claim that no one has died from dioxin
and relies heavily on several epidemio-
logical studies conducted by industry
and government agencies. In addition
he emphasizes the fact that animal spe-
cies show a wide range of sensitivity
to the acute effects of dioxin and inti-
mates that man is probably less sensi-
tive than the least sensitive of the spe-
cies that have been studied.

Unfortunately dioxin is a political
issue. There are very big economic and
political interests that would like the
210 compounds making up the dioxin
and furan families declared innocent
of any significant damage to humans.
There are those in the U.S. Govern-
ment who are anxious to prove to the
world that the massive spraying of
jungles in Vietnam with Agent Or-
ange (known to be contaminated with
2,3,7,8-TCDD, the most toxic dioxin
congener) caused no damage either to
the Vietnamese or to American sol-
diers. There are others who would like
to de-emphasize the need to clean up
soil contaminated with dioxin at vari-
ous toxic-waste dumps. There is also
the budding multibillion-dollar refuse-
incinerator industry, which is anxious
to convince communities across the
nation that even though dioxins and
furans are formed when unseparated
refuse is burned, the levels emitted do
not pose a significant health threat.
Then there are the chemical compa-
nies that manufacture products con-
taining dioxins as contaminants and
also various chlorinated plastics such
as PVC and polyvinylidine chloride
(Saran Wrap); in 1985 Christopher
Rappe showed that such plastics form
dioxins and furans when they are
burned. The chemical companies too
have a clear interest in seeing dioxin
declared unfit for animals but safe for
human beings.

With such clear political and eco-
nomic interests at stake, we should be
very wary of those who would turn off
the tap of public concern about dioxin.
From the biochemical point of view it
would be nothing short of a miracle if
asubstance soextremely toxic to many
animal species proves to be relative-
ly innocuous to humans. We cannot
afford to be sanguine about 2,3,7,8-
TCDD when a September 1985 U.S.
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Environmental Protection Agency re-
port (EPA/600/8-84/014F) indicates
it is a carcinogen about 50 million
times more potent than vinyl chloride
in rats. Results presented in September
of 1985 at the Fifth International Sym-
posium on Dioxin in West Germany
show that the protein (the Ah receptor)
known to bind to dioxin when it enters
animal cells is also present in human
tissues. Thus humans who have been
exposed to dioxin may well be em-
barked on the first step of the process
that in animals leads to toxicity and
carcinogenicity. Moreover, it is also
known that this Ah receptor is het-
erogeneous in humans: some people
probably have more of the protein
than others. We shall therefore need
much larger epidemiological studies
before we can be certain that the data
base is meaningful.

Tschirley and others make much of
the fact that animal species vary con-
siderably in their LD50 values (the
dose per kilogram of body weight that
is necessary to kill 50 percent of the
test species). The hamster, for exam-
ple, is some 5,000 times less sensitive
than the guinea pig. Before concluding
that man is less sensitive even than the
hamster, however, we should note that
rhesus macaques (monkeys) have an
LD50 value that is intermediate be-
tween the values for guinea pigs and
hamsters. Moreover, a study by Wil-
bur P. McNulty and others (1981) in-
dicated that pregnant monkeys are
killed by doses of between one and
five micrograms per kilogram of body
weight, which makes them the most
sensitive animals after the guinea pig.

In his article Tschirley suggests that
the hamster may be far less sensitive to
dioxin’s acute effects because the sub-
stance is cleared from the hamster
body about twice as fast as it is from
other tested species. If dioxin’s acute
toxicity increases as clearance rate de-
creases, however, human beings are in
big trouble: H. Poiger recently showed
in an extraordinary experiment (he ate
104 billionths of a gram of 2,3,7,8-
TCDD)) that the half-life of dioxin in
human tissue could be as long as five
years, which is some 60 times longer
than it is in the guinea pig and 120
times longer than in the hamster. It
is clear there is far more that has to
be learned about this troubling sub-
stance before we can be certain about
anything.

Before we conclude that the diox-
ins and furans pose little or no health
threat to man we need to know the
answers to many important questions.
What is the exact mechanism by which
dioxin exerts its toxic effect on ani-
mals? If man appears to be immune to
its effects, just how is the mechanism

6

of toxicity circumvented in human tis-
sues? Can the dioxins and furans en-
hance the effect of other toxic materi-
al present in human tissue? While an-
swers to these biochemical questions
are pursued, we need epidemiological
studies on much larger samples, con-
ducted by workers without the slight-
est trace of vested interest in the out-
come of the work.

With the dioxins and furans the re-
sponsible course of action is to err on
the side of caution. We must do our
utmost to ensure that the smallest pos-
sible amounts of dioxins and furans
enter our environment. If the result is
to slow down certain industries a lit-
tle, so be it: history will not blame us
for being too cautious, but it will have
harsh things to say about those who
call our concern misplaced before we
have full answers to key questions
about these troubling substances.

PAUL CONNETT

Department of Chemistry
St. Lawrence University
Canton, N.Y.

To the Editors:

Dr. Connett presents interesting
points, some of them valid, in my view,
but he appears to have missed the cen-
tral thrust of my paper, namely a rec-
ognition that 2,3,7,8-TCDD is indeed
a highly toxic chemical and there is
much we do not know about its mecha-
nism of action, but that there is now a
substantial body of data demonstrat-
ing that humans are much less sensi-
tive to TCDD than was feared on the
basis of tests with experimental ani-
mals. Such information is critical for
informed decision making. The public
has a right to know: it should be told of
good news as well as bad news.

While I agree that the evidence from
human exposures does not allow a
definitive statement about whether
TCDD is or is not a human carcin-
ogen, the evidence that is available
should not be ignored. The same is true
for other possible chronic effects. We
live in a pragmatic world, ever beset by
the need to make decisions in the face
of incomplete data and to establish
priorities for allocation of limited re-
sources. In that context an undue al-
location to research on TCDD may
preclude the development of research
data on other materials that appear
to have a greater potential for adverse
effects on human health and the envi-
ronment. Dibenzofurans, benzene and
other organic solvents to which human
exposure is high and naturally occur-
ring carcinogens contained in foods
are cases in point.
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I am disturbed by Connett’s refer-
ence to all dioxins and furans, when
only 2,3,7,8-TCDD was discussed in
my paper, and by his broad-brush
treatment of the political nature of the
dioxin issue, with the strong implica-
tion that private enterprise and gov-
ernment are guided only by considera-
tions of self-interest. His treatment of
both issues is simplistic and tends to
becloud rather than clarify.

I did not declare “innocent of any
significant damage to humans” the 210
compounds that make up the dioxin
and furan families. In fact, aside from
saying that there are many chlorinat-
ed dioxins, I discussed 2,3,7,8-TCDD
only and did not even mention the fu-
ran compounds.

The compound 2,3,7,8-TCDD is in-
deed a political issue, but it has more
dimensions than the “economic and
political interests” Connett mentions.
If T were to accept the axiom he es-
pouses, I would have to be wary of
the research of Richard J. Kociba and
his colleagues (Dow Chemical Com-
pany toxicologists), who demonstrated
the carcinogenicity of TCDD in rats;
of Dow analytical chemists who have
made major contributions to the detec-
tion of dioxin at levels of parts per tril-
lion and to the separation of the 75
chlorinated dioxin isomers; of Alvin L.
Young and his colleagues (Air Force
personnel) who have conducted major
studies on ecological effects; of George
D. Lathrop et al. (Air Force workers)
who have investigated mortality and
morbidity in the pilots and crewmen
who took part in the spraying of Agent
Orange, and so on. Should I also be
wary of research by university scien-
tists whose ability to obtain addition-
al research grants may be enhanced
when they publish evidence of ad-
verse health or environmental effects?
I would hope not! The point is that
published scientific research stands
or falls on its merits, not on the affilia-
tion of the investigator. Guilt by asso-
ciation should have no place in ration-
al decision making.

I agree that there is much that is not
known about 2,3,7,8-TCDD. Some of
the gaps will be filled by research now
under way; others may never be filled.
We should not adopt a casual attitude
toward the addition of more TCDD to
the environment, but neither should
we perpetuate an unfounded fear of
health effects when the available evi-
dence does not support it. There are
too many other pressing problems to
allow an overly lavish allocation of re-
sources for dioxin research.

FRED H. TSCHIRLEY

Williamston, Mich.
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Snow leopards in the Himalayas. Ti-
gers in the wilds of India. Mountain goril-
las and lions in Africa. Jaguars in the
swamps of Brazil.

George Schaller, pictured here with
a snow leopard, has spent years in remote
and rugged places studying the natural
history of rare animals—and fighting for
their survival.

He sees these animals as symbols of
the habitats in which they live. Preserve
their habitats and thousands of other
plants and animals will be assured of a
home.

As director of Wildlife
Conservation International, a di-
vision of the New York Zoologi-

s Future generations

Schaller and

v must be inheritors...
cenes wound - NOt JUST SUT'VIVOLS.

the world. George Schaller
He points out that Since his work takes him to some of
the destruction of envi- the most forbid-

Ome fthe 1000 remainng | LOTLENES is now so  ding places on
giant pamdas. drastic that, in the dec- earth, choosing
ades ahead, the nature of life on earth will ~ the right equip-
be irrevocably changed. ment is crucial.
For Schaller, saving fragments of Not sur-
nature is an urgent task. prisingly, China:Siteofpandarescue mission.
Recently he faced one of Schaller wears a Rolex.
his greatest challenges. With “My watch must be abso-
Chinese scientists, he collabo- lutely reliable, as animal observa-
rated in a project to save the tions are recorded under the most
1000 giant pandas still alive demanding conditions. My
in the wild. Currently he is Rolex has never let me down.”
working on the Tibetan pla- Inhospitable conditions
teau to help preserve the seem to pose no problem for George

wildlife of those remote Schaller. Or his Rolex. w
uplands.
ROLEX
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50 AND 100
YEARS AGO

SCIENTIFIC
AMERICAN

APRIL, 1936: “New York to Lon-
don in 36 hours, with passengers, mail
and express! A decade ago this might
well have been the title for a book by a
contemporary Jules Verne. Today it is
an imminentreality. The North Atlan-
tic, scene of a score of heroic pioneer
flights following that first solo blaz-
ing of its trail by Colonel Charles A.
Lindbergh in May, 1927, which may
be said to have touched off the fuse
of air transport development the world
over, is to become, almost certainly
this year, the field of scheduled oper-
ation. The problem has been not the
perfection of flying equipment fully
equal to the task but the perfection of
international agreements.”

“C. G. Abbot, the head of the Smith-
sonian Institution, has changed the de-
sign and raised the efficiency of his
solar heat concentrator. There is now
some promise that, with a few more
such increases, solar heat, as an ordi-
nary power source, may enter the mar-
ket in competition with the one source
of energy now most generally efficient,
that is, coal.”

“The second annual inventory of mi-
gratory waterfowl spending the win-
ter in the United States, which was
completed in January, was extraordi-
nary in the completeness of its organi-
zation. The inventory, done under the
direction of the Bureau of Biological
Survey, was made after long planning
and with the largest number of quali-
fied observers ever assembled. When
all reports have been analyzed, the Bu-
reau hopes to have available a reason-
ably accurate estimate of the continen-
tal supply of waterfowl.”

“Despite the fact that people are
more map-conscious than ever before,
not more than 47 percent of the United
States has been completely mapped to
show elevations and slopes. Dr. Wil-
liam Bowie of the Coast and Geodetic
Survey says that the United States is
one of the most backward of all the
organized countries of the world.”

“The title of this note [442] is simply
another way of writing the year 1936,
for this number is an exact square of

44. This is the first time since 1849 that
the year has resulted from a perfect
square, and it will not happen again
until A.D. 2025.”

APRIL, 1886: “The power of flying,
being denied to man, has always been
one of the objects most desired by him,
although hitherto he has not succeeded
in attaining it. If there were any large
birds feeding on grains and possessing
strong flying powers, they would no
doubt have been domesticated long
since, and made subservient to man’s
use, like horses and other animals. But
unfortunately all large birds possess-
ing strong wing power are carnivorous
and untamable, and so we shall have to
rest content with terrestrial locomo-
tion till we have succeeded in solving
the mechanical problem of propelling
and steering balloons. We are still a
long distance from this result, and it is
at least very doubtful whether it will
ever be attained.”

“A new sweetening agent has been
produced from coal tar. It is known
to chemists as benzoyl sulphuric im-
ide, but it is proposed to name it sac-
charine. The discoverer is Dr. Fahl-
berg, and its preparation and prop-
erties were recently described by Mr.
Ivan Levinstein at a meeting of the
Manchester section of the Society
of Chemical Industry. Saccharine is
about 230 times sweeter than the best
cane or beet-root sugar.”

“Although water usually freezes at
32 degrees Fahrenheit, and ice melts
when above that point, the result is not
uniform in either case. If water, for
instance, be kept in a clean, smooth-
sided vessel, and perfectly still, it is
possible to keep it from freezing until
it reaches a temperature of 15 degrees.
With regard to the melting point of ice,
the temperature is more uniform, since
the solid ice is not subject to the law
of motion as water is, but there are
ways of precipitating the melting of
ice. Thus, for instance, if a block of ice
be subjected to a heavy pressure, the
melting point can be reduced to 18 de-
grees F.”

“The ‘Bad Lands’ of Dakota are said
to owe their origin to the burning of
the coal deposits that once existed
there. The lands are situated principal-
ly along the Cheyenne and Grand riv-
ers and the Little Missouri. In the long
ago the valleys of these streams must
have been filled with drift wood. Then
followed a period of drift, which bur-
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ied the accumulation of wood under
two or three hundred feet of sediment,
sand and gravel. The buried wood in
time became coal. Either from sponta-
neous generation or from electricity,
fires were started in those veins, and
they gradually burned out, restoring
in part the old water courses. Looking
upon them, here you see patches of
slag, there great bowlders, showing
unmistakable evidences of great heat,
and on every hand scoria or burned
clay, resembling broken brick.”

“The remains of a gigantic extinct
sea turtle have been found near Fort
Wallace in western Kansas. The ques-
tion may arise: How did the sea turtle
become buried in a bluff in the state of
Kansas? A natural supposition would
be that Kansas is the bed of a former
ocean, and so it is. Ages ago, in what is
called by geologists the Cretaceous pe-
riod, that part of the world was the bed
of a great sea, in which the great turtle
swam. Gradually the crust of the earth
was raised, the water fell back or be-
came inclosed and left the inhabitants
of the Cretaceous sea high and dry.”

“Our usual expression for security is
that we have placed valuables ‘under
lock and key, but as the lock may
be picked and the key may be lost,
this does not always describe thé best
fastenings. In some of the improved
‘Champion’ locks there is neither key
nor key hole. Doors provided with
them may be opened from either side,
the ‘Open Sesame’ being a knowledge
of the combination of figures by which
the knob may be made to turn and the
door open. Perhaps it may be feared
that the combination might be forgot-
ten, but it must be remembered that a
key is not only liable to be left behind,
but as well to be lost or duplicated. The
combination necessary for the unlock-
ing of a keyless lock may be recorded
in any number of places, and it can be
recorded in such a way that detection
would be impossible.”

The keyless door lock
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THE PFIZER HEALTHCARE SERIES

Medical Research-
building a healthier
future

If you’ve ever been treated for high blood pressure...
heart disease. . .diabetes. . .or almost any health problem,
medical progress based on research has already touched
your life.

Because of medical research, polio no longer strikes in
epidemic proportions every summer. Today about three-
quarters of patients diagnosed as having Hodgkin’s dis-
ease will survive five years or longer—as opposed to less
than half twenty years ago. Current treatment options
for people with heart disease and high blood pressure
include medication that helps the body’s natural regula-
tors to control blood pressure and volume, enabling the
heart to function with less strain.

Scientists are now working on new ways of treating
such devastating afflictions as heart disease, cancer and
Alzheimer’s disease. They are testing new enzyme inhibi-
tors that may control or reverse the late complications of
diabetes. Forthcoming breakthroughs in understanding
biological processes and treating disease may change the
quality and perhaps the length of your life.

Medical research leading to such results takes years of
patient, often frustrating experimentation by many dif-
ferent teams throughout the public and private sectors
of our scientific community. The tasks involved are not
simple.

Advances in research stem from a partnership that
includes federal agencies such as the National Institutes
of Health (NIH), universities and teaching hospitals
across America, and private industry laboratories. Each
partner often works independently to acquire knowl-
edge and test new concepts. They must build on the
knowledge developed in all laboratories, and they often
coordinate efforts in their search for answers.

Whether an idea originates in a university laboratory
or starts with basic product research carried on in the
private sector, important findings percolate through the
entire scientific community, where each new finding
serves as a building block to establish a deeper under-

standing of witat we are and how we function.

Medical research is an expensive process. It needs
steady funding for equipment and personnel—even
when progress is slow. Government and industry often
work with university-based scientists and the medical
profession not only in the acquisition of new knowledge
and the development of new treatments, but also in
funding these advances.

Now more than ever, we all must do our part to help
keep the flow of discoveries active and ongoing. If fund-
ing for medical research is reduced, major advances in
knowledge about some of the most dreaded diseases fac-
ing us today could be delayed for years to come.

What can you do?

* Speak up. Let your legislators know that you want
funding of biomedical research by NIH and other
government agencies to be kept at the highest possible
levels.

* Contribute to voluntary health organizations support-
ing disease research.

Research-based pharmaceutical companies such as
Pfizer are also increasing their financial investment in
research. For instance, in 1984 alone, pharmaceutical
companies in the United States spent over 4 billion dol-
lars on research and product development.

At the same time, we at Pfizer realize the importance
of committing more than money to research. As a
partner in healthcare, we are continually working to dis-
cover new ideas, test new concepts, and turn new under-
standing to practical and beneficial uses. Now we are
working harder than ever to make sure that this nation’s
medical research effort receives the attention—and fund-
ing—it deserves.

For more information on the future of medical vesearch in
America, write to Health Research US.A., P.O. Box 3852
ER, Grand Central Station, New York, NY 10163.

PHARMACEUTICALS « A PARTNER IN HEALTHCARE
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COMPUTER
RECREATIONS

A program for rotating hypercubes

induces four-dimensional dementia

by A. K. Dewdney

(44 y husband has disappeared
M into thin air, and I think
you had something to do
with it"” The woman on the telephone
was Cheryl, and she was clearly upset.
Her husband Magi, my microcomput-
er amanuensis at the University of
Western Ontario, had apparently van-
ished while viewing a computer pro-
gram I had suggested he write. The
program rotates a four-dimensional
analogue of a cube called a hypercube
and projects it on a display screen.
Cheryl went on in agitation: “There’s a
weird pattern of lines on the monitor
and his clothes are lying in a heap near
the chair. He must have been wearing
these strange colored glasses made out
of cardboard. And look at this—his
socks are still in his shoes!”

Here, it seemed to me, was an obvi-
ous case of four-dimensional demen-
tia. Victims become convinced they
have stepped out of ordinary space
and entered a higher-dimensional real-
ity invisible to others. The delusion
that one has disappeared can be so
powerful that others take part in it: the
victim can enter a room full of people
and seem invisible to all. Fortunately
Magi’s case has a happy ending; I shall
save it for last. In the meantime I sub-
mit the hypercube program to the
wider public with what I hope is a re-
sponsible warning: Readers likely to
fall prey to Magi’s dementia are urged
not to write the program or to view its
output on a display screen. Potential
victims include anyone with a history
of obsession about the higher dimen-
sions or anyone who is even occasion-
ally tempted by the prospect of un-
known realities.

The fourth dimension has been a
vehicle for physical and metaphysical
speculation at least since the 19th cen-
tury. The idea of a fourth, physical di-
mension culminated in Einstein’s theo-
ries of special and general relativity;
space and time together make up a
four-dimensional continuum in which
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all real events are timelessly frozen.
This view of the universe may be un-
dergoing dimensional modifications;
the so-called Kaluza-Klein theories in-
troduce seven or more new dimensions
in the form of miniature hyperbub-
bles attached to every point of space-
time [see “The Hidden Dimensions of
Spacetime,” by Daniel Z. Freedman
and Peter van Nieuwenhuizen; SCIEN-
TIFIC AMERICAN, March, 1985].

The fourth dimension that I have
come to know and love is the child
of mathematics. Readers in ordinary
rooms have a three-dimensional co-
ordinate system suspended overhead.
Three walls meet in each corner of the
room, and from that corner radiate
three lines, each of which is the meet-
ing place of a pair of walls. Each line is
perpendicular to the other two lines.
Can the reader imagine a fourth line
that is perpendicular to all three lines?
Probably not, but that is what math-
ematicians require in setting up the
purely mental construct called four-di-
mensional space. You now have the
chance to explore this space in a per-
sonal way and without danger to your
person. You have only to write the pro-
gram I call HYPERCUBE.

HYPERCUBE can trace its origins to
a film produced in the mid-1960’s by
A. Michael Noll, then at Bell Labo-
ratories, that depicts the two-dimen-
sional shadows of four-dimensional
objects moving in four-dimensional
hyperspace. The program as it now
stands, however, was developed by
Thomas Banchoff and his colleagues
in the Computer Graphics Laborato-
ry at Brown University, and my inspi-
ration for this column comes from
the fascinating images it generates [see
illustrations on pages 19, 21 and 22].
Banchoft, who is a professor of math-
ematics, directs the visual exploration
of higher-dimensional surfaces and
spaces as a complement to his writing
and research as a geometer. In 1978
he and Charles Strauss produced a
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9Y,-minute computer-generated col-
or film that has since become a classic
in the mathematical underground:
The Hypercube: Projections and Slic-
ing. (The film can be obtained from
the International Film Bureau, Inc.,
332 South Michigan Avenue, Chica-
go, I11. 60604.) Banchoff is also proba-
bly the leading expert on the life and
work of Edwin A. Abbott, the English
clergyman and teacher who in 1884
wrote Flatland, a tale of imagined life
in two dimensions.

Banchoff and his colleagues have
devised striking images that illustrate
properties of four-dimensional objects.
The images on page 19, for example,
depict the rotation of a four-dimen-
sional hypercube in four-dimensional
space. To appreciate the images con-
sider the shadow cast by an ordinary
cube on a plane: the shadow can re-
semble a square inside a square. If
the appropriate faces of the cube are
shaded, the shadow is a square with a
square hole in it [see bottom illustra-
tion on page 20).

Similarly, when a hypercube is il-
luminated from a point “above” ordi-
nary space in the fourth dimension,
the three-dimensional ‘“‘shadow” cast
by the hypercube can resemble a cube
inside a cube. The inner cube is sur-
rounded by six six-sided polyhedrons
that can be regarded as distorted cubes.
The four distorted cubes adjacent to
the sides of the inner cube fit together
to form the solid figure whose surface
is the boxlike torus shown in Ban-
off’s images. The other two distort-
ed cubes, the inner cube and the outer
cube also form a solid torus, which is
not shown. As the hypercube rotates,
the square hole in the visible torus
seems to move toward the viewer.
Those who write the program HYPER-
cUBE will see similar changes, albeit
not so realistic or continuous.

The images on pages 21 and 22 are
from a forthcoming film by Banchoff
and his colleagues Hiiseyin Kogak,
David Laidlaw and David Margolis:
The Hypersphere: Foliation and Pro-
Jections. The hypersphere is a far more
complex object than the hypercube,
and I shall not describe it in detail.
Nevertheless, one can begin to appre-
ciate the images by considering an or-
dinary sphere. If the sphere is initially
at rest on a plane tangent to its south
pole and a light is fixed at the initial
position of its north pole, the shadow
cast on the plane by the lines of lati-
tude is a series of concentric circles
[see bottom illustration on page 20]. If
the sphere is rotated while the light is
kept fixed, the images of the circles
may become nonconcentric, and the
image of any circle that passes through
the source of light is a straight line.
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The database use
now be use

Introducing dBASE III PLUS”

The PLUS stands for all the improvements
weve made to the world’s number one selling
database management software.

Up Update
Database file

Format
Uiew
fluery
Report
Label

Position Ret

The Assistant helps beginning users accomplish dagyrto-day data
management taskswithout programming.

Mind you, dBASE IIl PLUS still has the
powerful dBASE programming language, dot
prompt,and all the features that have made
dBASE III the standard of the industry.

Weve simply raised the standard.

And just as dBASE III introduced more
power to the people, our new dBASE Il PLUS
introduces more people to the power.

People who aren't all that crazy about
programming, for example.

The Assistant feature in dBASE ITI PLUS
now provides them with new easy-to-use
pull-down menus for creating, using and
modifying multiple databases.

So now anyone who can manage a
simple cursor can manage day-to-day data
management tasks. Without programming.

And by using our new Screen Painter,

anyone can create custom screens. Without
programming.

Or using View, access related information
in several databases at one time. Without
programming.

With Advanced Query System, another
new non-programming feature, any user can
build complex queries just by selecting from
the dBASE Il PLUS pull-down menus.

For rapidly creating entire programs,
there’s even a new Applications Generator.

And for all those who wish to learn to
program, the Assistant can be of further
assistance. By teaching you programming
commands as you go along, Without disrupting
your work flow;

These are only a few of the dBASE Il PLUS
features that can help new users quickly get
up to speed. And experienced users quickly
increase their speed.(Sorting, for example,
is up to two times faster and indexing up to
ten times faster than dBASE I11.)

= YT ®
—f| Combine with .AND..NOT.
Combine with .OR..NOT.

S
e |

et Filter
ector for the filter conditio

Advanced Query System lets you set up and answer complex
queries withowt programming.
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y more people can
by more people.

And it’s the fastest way to network those For the name of the Ashton-Tate" dealer
users, too. Because now, true multi-user capa-  nearest you; call 800-437-4329, Extension
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BREAKTHROUGH:

FLOAT AN EYE
TO STEADY ITS LENS.

No matter how well protected mobile cameras
or telescopes may be, the motion of the vehicle
carrying them causes the lenses to jitter and shake.
Images are blurred and imprecise.

We discovered a way to make a moving lens
sit still. By using high-energy, rare earth magnets,
we suspend an electro-optical system in a magnetic
field-in effect, make it float. Untouched, it
remains steady while its source of transportation
vibrates. This “soft ride” assures crisp, unblurred
vision for an observer or a sensor.

Army scouts call it the first major advance in
mobile observation since binoculars were issued
to the cavalry.

We're creating breakthroughs that make a
difference in the way things work and the
way people live.

We're McDonnell Douglas.

For more information, write to:
McDonnell Douglas, Box 14526,
St. Louis, MO 63178
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Similarly, the three-dimensional
“shadow” cast by a hypersphere can
be viewed as a series of concentric
toruses [see illustration on page 21].
The toruses are made more readily
visible in Banchoff’s images by cut-
ting away parts of one torus along
strips that wind around it. When the
hypersphere is rotated, the toruses ap-
pear to swell up and sweep past one
another. Any torus that passes through
the source of light becomes infinitely
large [see illustration on page 22].

Dimensional analogies are valuable
tools in constructing and understand-
ing four-dimensional phenomena. The
hypercube, for example, is derived
from the cube just as the cube is de-
rived from the square. To get the cube
from the square lift the square in a
direction perpendicular to its plane,
up to a height equal to its side [see

top illustration on next page]. The new
cube has eight vertexes, twice as many
as the initial square, and 12 edges, four
from the initial square, four from the
final square that is lifted away from
the initial square and four that arise
when vertexes in the initial square are
connected to their counterparts in the
final square. The cube also has six
square faces, one coincident with the
initial square, one coincident with the
final square and one erected between
each of the four pairs of edges that
make up the initial and final squares.

If one pretends for the moment that
an additional dimension is available,
the same operation can be repeated
with the cube: “lift” the cube away
from ordinary space in the direction of
the extra dimension, out to a distance
equal to the side of the cube [see rop
illustration on next page]. The result

is a hypercube. But in what direction
does the extra dimension lie? I cannot
explain that. Even a photograph of
me pointing into the fourth dimension
would be utterly useless. My arm
would simply appear to be missing.

Nevertheless, the number of ver-
texes, edges, faces and hyperfaces (or-
dinary cubes) that make up the hyper-
cube can readily be counted. The num-
ber of vertexes is just the number of
vertexes in the initial cube plus the
number in the final cube, or 16. Each
of the eight vertexes in the initial cube
is joined by an edge to one of the eight
vertexes in the final cube, and there are
also 12 edges in each of the two cubes.
Hence there are 8 + 12 + 12, or 32,
edges in the hypercube. One can also
show that the hypercube has 24 ordi-
nary faces and eight hyperfaces.

I am indebted to David Laidlaw for

Rotation of a four-dimensional hypercube through dimensions 2 and 4, projected into ordinary three-dimensional space
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How a plane generates a cube and a cube generates a hypercube

an explanation of HYPERCUBE. The
version of the program I shall describe
represents a hypercube by showing
only its vertexes and edges. Moreover,
the view the program generates does
not necessarily depict a cube inside a
cube; instead the view depends on how

Projections of the cube and the sphere
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HYPERCUBE is implemented and on
how it is run. Every time the hyper-
cube in the program is rotated the ver-
texes swing into new positions and a
new, oddly confusing view of the ob-
ject results. With continued experi-
mentation, however, the views begin
to make a strange kind of sense, and
one feels on the threshold of something
awesomely spacious and inviting.
The 16 vertexes of the hypercube in
the program are numbered from 0 to
15 according to a simple scheme. If
each number is rewritten in binary
form and converted into an array of
four bits, a miniature coordinate sys-
tem emerges. The binary digits of 13,
for example, are 1 (that is, one 8), 1
(one 4), 0 (zero 2’s) and 1 (one 1). The
binary number can then be written as
the array (1,1,0,1), which almost gives
a practical coordinate system for the
initial position of the hypercube. (It is
not a position that resembles a cube
inside another cube.) To convert the
binary array into useful coordinates,
change the 0’s to —1’s and multiply
each member of the array by a number
large enough to generate an image of
practical size on the display screen of
the computer. If the multiplier is 10,
for example, the coordinates of ver-
tex 13 are (10,10,—10,10).
Dimensions seem to creep in every-
where as HYPERCUBE is written. A two-
dimensional matrix, or array, called
vert preserves the vertexes as they are
initially defined. Since there are 16
vertexes with four coordinates each,
vert is a 16-by-4 matrix of 64 numbers;
vert(i,j) is the jth coordinate of the ith
vertex. The program HYPERCUBE holds
the matrix vert inviolate; vert is defined
at the beginning of the program and its
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contents are then transferred to a sec-
ond 16-by-4 matrix called cube. The
matrix cube can be thought of as a
working matrix; its contents are con-
tinually altered by the rotations car-
ried out in the program.

HYPERCUBE is divided into three ma-
jor sections following the initialization
of vert: the selection of the desired rota-
tion of the hypercube, the calculation
of the coordinates of the rotated hy-
percube and the display of the result
on the monitor. If the rotating object
were three-dimensional, one could se-
lect the rotation by specifying the ori-
entation of the axis of rotation and the
angle of the rotation about the axis.
For a rotating four-dimensional ob-
ject, however, picking an axis of ro-
tation does not determine a rotating
plane: remember that there are two
nonequivalent directions perpendicu-
lar to a given plane. On the other hand,
even in four-dimensional hyperspace it
remains true, as it does in ordinary
space, that a rotation can affect just
two dimensions at a time. If a three-
dimensional object is rotated, two
of its dimensions swing into each oth-
er while the third dimension remains
fixed. Similarly, when a four-dimen-
sional object is rotated, two dimen-
sions change direction in the space
while the other two remain fixed.

There are many ways a four-dimen-
sional object can be rotated to a new
position. It turns out, however, that
any position can be reached by apply-
ing a sequence of rotations limited to
motions within the planes defined by
the coordinate axes of the surround-
ing four-dimensional space. There are
four coordinate axes in a four-dimen-
sional space, numbered, say, from 1 to
4, and there are six ways any two of
them can be combined. Hence there
are six planes within a four-dimension-
al space determined by the coordinate
axes: plane 1-2, the plane determined
by axes 1 and 2, plane 1-3, plane 1-4,
plane 2-3, plane 2-4 and plane 3-4.

For each of the six planes there is a
corresponding kind of rotation, which
can be specified by a 4-by-4 square ma-
trix of 16 numbers. The six rotation
matrixes are named rotl2, rotl3, rotl4,
rot23, rot24 and rot34. The user of the
program must type in the name of the
kind of matrix selected and the angle
of rotation the matrix will generate.
For example, typing “rot23” followed
by “60” would cause a rotation of 60
degrees within the plane defined by
the second and the third axes.

Suppose one wants to confine the ro-
tation of the hypercube to the third
and fourth dimensions, the most mys-
terious rotation of all. The rotation
matrix rot34 is applied. Its entries
are 0’s, I’'s and three other numbers



distributed according to the follow-
ing pattern:

OO =
oSO mO
T o0
QS oo

The angle of the desired rotation in
degrees is selected and stored in the
variable ang, and the numbers a and b
depend on ang: a is equal to cos(ang)
and bis equal to sin(ang), where cos and
sin are the trigonometric functions sine
and cosine.

The rule for generating the other five
rotation matrixes is simple. The a’s ap-
pear on the main diagonal of each ma-
trix in positions that correspond to the
dimensions affected by the rotation.
The b's appear at all the other intersec-
tions of rows and columns that corre-
spond to the rotating dimensions. All
other entries on the main diagonal are

1’s, and the rest of the entries in the
matrix are 0’s. For example, rotl3 is
the following matrix:

SO~ O
SO
- OO

a
0
—b
0

When the desired rotation matrix has
been selected, it is assigned by HYPER-
CUBE to a special matrix, rote. The
assignment can be made convenient-
ly by employing a double loop, the in-
ner loop for the sequence of numbers
across a row of the matrix and the out-
er loop for the sequence of rows.

The calculation of the coordinates
of the rotated hypercube is done by
“multiplying” the matrix cube by the
selected rotation matrix rote. The
product of the two matrixes is stored
temporarily in a third matrix called
temp, and it gives the coordinates of

the rotated hypercube. That product
is found according to the rules of ma-
trix multiplication, a standard opera-
tion on matrixes of numbers. It results
from an orderly orgy of multiplica-
tions embedded in three nested loops.

Temp, like vert and cube, is a 16-by-4
matrix of 64 numbers: it gives four co-
ordinates for each of the 16 vertexes of
the rotated hypercube. Each number
temp(i,j) in the matrix is designated by
a pair of indexes i and j. For example,
temp(13,3) is the third coordinate of
the 13th vertex of the rotated hyper-
cube. Its value is the sum of four prod-
ucts of numbers drawn in a precisely
defined way from the matrix cube and
from the matrix rote [see illustration
on page 23]. The innermost loop in
the program can therefore be indexed
by the letter k, which runs from 1 to 4,
and that loop returns the value of one
entry of temp.

The k loop is then placed inside the

Sequence of nested toruses, analogous to the latitude lines on a sphere, projected from the hypersphere into three dimensions
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Projected motion of toruses as the hypersphere is rotated, analogous to the projected motion of latitude lines during the rotation of a sphere

intermediate loop that has index j. The
Jloop computes all four coordinates of
the ith vertex of the rotated hypercube
according to the procedure I have just
outlined; in other words, it fills in all
four entries in the ith row of remp. Fi-
nally the j loop is placed inside the
outermost loop, which has the index 7.
The i loop calculates all 16 rows of
temp, and when it is completed, temp
gives the coordinates of all the ver-
texes of the rotated hypercube, re-
splendent in its new position. In order
to display it on the computer monitor
one more double loop is needed that
replaces the old position coordinates
of the hypercube in cube with the new-
ly calculated coordinates from remp.

A hypercube has four dimensions
but a display screen has only two. It is
therefore convenient to stipulate that
the first two dimensions, or coordi-
nates, of the hypercube correspond to
the screen coordinates. The simplest
method for dealing with the third and
fourth dimensions of the hypercube is
to ignore them. The display technique
I shall describe does just that, but it
can be enhanced—and the resulting
object can be projected in nearly de-
monic complexity—by making both
the third and fourth dimensions some-
what more apparent.

To display a skeletal version of the
hypercube, the program need only dis-
play its edges. Since the hypercube has
32 edges, the display section of HYPER-
CcUBE need only draw the appropriate
lines between 32 pairs of vertexes. But
in what order? There are almost infi-
nitely many possibilities, and so the an-
swer is perhaps a matter of aesthetic
and personal choice. Nevertheless, it is
hard to resist drawing the edges as an
Euler trail, after the mathematician
Leonhard Euler. A pencil can trace
such a trail on paper without being lift-
ed from the paper and without tracing
any line more than once. Consecutive
edges of the hypercube drawn as an
Euler trail have a common vertex.

Round, through, up and down races
the Euler trail as it is drawn through
the vertexes. Here is one that strikes
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me as quite pretty, given by the num-
bered vertexes of the hypercube con-
nected in the following sequence: O, 1,
3,2,6,14,10,8,9,11, 3,7, 15, 14, 12,
13,9,1,5,7,6,4,12,8,0,4, 5,13, 15,
11, 10, 2, 0. These vertexes are stored
in an array called trail with index i; the
ith vertex in the sequence of 33 ver-
texes is designated rrail(i). For each
value of i there are instructions for
looking up the first and second coordi-
nates of both trail() and trail(i + 1).
The line-drawing command in one’s
programminglanguage mustthen be in-
voked to connect the two points. The
lookup and the line drawing are em-
bedded in a single loop with index i,
whichdraws a line from each vertex in
the sequence to the next.

Now for the visual (and psychologi-
cal) complications. There are two stan-
dard methods for presenting the third
dimension of the hypercube. The or-
thographic method simply ignores the
third dimension, and all the vertexes
are projected directly onto the flat sur-
face of the display screen no matter
how far they are behind it. In one-point
perspective the vertexes are projected
onto the screen as though they were
shadows cast by a point source of light
centered on the screen and some dis-
tance behind the hypercube. Viewing
the shadows on the screen is equivalent
to viewing the hypercube from behind,
but visually it is indistinguishable from
a front view.

To achieve the effect of one-point
perspective in HYPERCUBE One assumes
that the third coordinate of a vertex is
equal to the distance between the ver-
tex and the display screen, in the direc-
tion of the imaginary point source of
light. By solving for the sides of pro-
portional triangles the program deter-
mines a multiplier needed to convert
the first two coordinates of a vertex
into screen coordinates. For example,
if the imaginary light source is 20 units
behind the screen, a vertex at (5,—7,
11,8) can be projected onto the screen
by multiplying each of the first two
coordinates by 20 and dividing each
result by 20 — 11, or 9.
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I had dreaded including in the small
space that remains a complete descrip-
tion of the process for creating stereo-
scopic images portraying the fourth di-
mension of the hypercube. There is a
general technique for making stereo-
scopic images, and I hope to devote a
future column to the subject. For the
hypercube program, however, Ban-
choff and his colleagues have adopted
a much simpler method. For each posi-
tion of the hypercube make a new pair
of images by applying rot/4 through an
angle of three degrees in one direction
and three degrees in the other. Dimen-
sion 1 is the direction parallel to the
horizontal alignment of the viewer’s
eyes, and dimension 4 is the target of
the exercise. The two small rotations
nicely approximate the views of the
hypercube from the eyes of the viewer:
merely imagine the two lines of sight
converging near the center of the hy-
percube at an angle of six degrees.

Readers who want to capture the
thrills of 3D movies can make stereo-
scopic viewing glasses out of red and
blue cellophane. In this case HYPER-
CUBE is run twice, once for each small
rotation. The result of the first rotation
is colored blue by the program and the
result of the second is colored red.
Readers need not be concerned about
which is which if the eyeglasses are
made to be invertible.

Personally I prefer not to struggle
with cellophane, and I have learned to
fuse stereoscopic pairs by shear force
of will. The technique requires that the
two rotated images be reduced in size
and then translated to horizontally ad-
jacent and nonoverlapping positions
on the screen. They should be the same
color, and so a monochrome screen is
sufficient, and they should be no far-
ther apart than the distance between
the viewer’s eyes. Do not stare at the
images; look instead at some point be-
tween them and infinitely far beyond.
The two hypercubes will appear to
drift and jiggle toward each other like
a pair of shy lovers until they fuse.

Even if the third and fourth dimen-
sions get no special treatment, HYPER-



CUBE can generate images much like
the ones shown in Banchoff’s graphic
sequence. With successive rotations
through small angles in the third and
fourth dimensions, readers may see
the two crude toruses balloon, pinch
off and regenerate much like their
smoother cousins in the illustration of
the rotating hypersphere.

The program HYPERCUBE had obvi-
ously caused the disappearance of my
friend Magi. The happy ending to his
four-dimensional dementia came with
a telephone call. Not surprisingly, he
spoke of wondrous things. “You prob-
ably think I'm crazy,” he said. (The
phrase is always a sure tip-off.) “I've
just been floating around in the fourth
dimension. I saw a cross section of my
house sweep by. Then I moved in close
and tickled my cat’s kidneys...”

I will spare the reader any further
details of the conversation. Suffice it
that I persuaded Magi to run Hy-
PERCUBE no more and to keep fur-
ther explorations entirely on the in-
tellectual plane. He has followed my
advice, he says, and now he professes
to have made many marvelous discov-
eries through his artificially amplified
insight. For example, he has come up
with two posers that seem worth pass-
ing along.

Think for a moment about the fol-
lowing sequence of objects: a unit line,
a unit square, a unit cube and so on.
The nth member of the sequence is the
n-dimensional analogue of the cube.
Now try two mental experiments on
the objects: draw the diagonal to the n-
dimensional cube and inscribe an n-di-
mensional sphere within the n-dimen-
sional cube. The diagonal stretches
from one corner to the opposite one;
what happens to its length as the num-
ber n becomes progressively larger?
What happens to the volume of the
n-dimensional sphere, again as n be-
comes progressively larger? Magi’s an-
swers seem hardly sane; I shall give
them in next month’s columa.

In my January column I described
two programs, CLUSTER and SUPER-
CLUSTER, that simulate the evolution
of a star cluster. It heartens me to think
that in at least a few thousand homes
they have led to a new form of enter-
tainment, temporarily edging out tele-
vision. No doubt some of these arm-
chair universes are unfolding as they
should, but others may be developing
problems. The fault is not in our stars
but in ourselves.

Brian Davis of Ann Arbor, Mich.,,
and Peter Fortescue of La Jolla, Cal-
if., had trouble with the acceleration
equations in SUPERCLUSTER. The diffi-
culties are fixed, I believe, by replac-
ing the force f in the equation on
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How a vertex of the hypercube is rotated from the third dimension into the fourth

page 13 with the acceleration a due to
the force. To get a divide f by the
mass of the attracted star. Andrew M.
Odlyzko of AT&T Bell Laboratories
pointed out that the position coordi-
nates in the table on page 15 are in
multiples of 1,000 astronomical units
(A.U.), not single A.U’s. Our own
universe will now unfold correctly.

When one views the live action of
CLUSTER Or SUPERCLUSTER on a display
monitor, it is sometimes hard to tell
which stars are in the foreground and
which are farther back. Albert C. En-
glish of Delray Beach, Fla., and Peter
Stearns of Lodi, Calif., have written
special display programs that generate
two images of clusters side by side, one
as seen by the right eye and one as seen
by the left. Readers able to manage the
tricks of stereoscopic display will be
able to view the clusters as they view
the hypercube: in breathtaking depth.

Several readers had already written
programs similar to SUPERCLUSTER,
but they had applied the programs to
our own solar system. The same appli-
cation would also be feasible with su-
PERCLUSTER. Those with the gumption
can look up the mass, position and ve-
locity of the 10 major bodies in the
solar system for some reference time.
One can then arrange to view the evo-
lution of the entire system from above:
wait a few minutes for the year 2000.
Geoffrey L. Phillips of St. Louis, Mo.,
wrote a simulation for the earth-moon
system that includes a small, massless
space vehicle. Launching it from the
earth in such a way that it begins to
orbit the moon is no easy feat. Ad-
vanced practitioners might try launch-
ing a Voyager spacecraft on a grand
tour of the gas giants that ends as it
leaves the solar system.

William A. Hoff of Champaign, Ill.,
computed the time increment for the
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simulation dynamically by setting a
variable called dvmax at the beginning
of the program. In the course of the
calculations of stellar motion the pro-
gram always finds the maximum accel-
eration amax of a star. The next time
increment is dvmax divided by amax.
The technique prevents any velocity
from exceeding dvmax.

In last month’s column I gave an
1.Q. minitest and posed several ques-
tions about numerical sequences. The
first problem on the minitest is a good
example of the ambiguity typically
found in such problems. The problem
was to complete the sequence 3, 7, 16,
35, .... Each term minus twice the pre-
ceding term gives the sequence 1, 2, 3,
the second row of a pyramid. By this
reasoning the missing term must be
twice 35 plus 4, or 74. On the other
hand, if a simple difference pyramid is
constructed with three rows, the third
row gives the sequence 5, 10, and it
seems reasonable to complete the se-
quence with 15. The missing term must
then be 69, but the programs described
in the column would have missed this
answer. The other answers to the test:
H is the missing letter; the missing
word is “up”’; the odd man out is “iden-
tity”; the unscrambled name of the
town not in Italy is Madrid, and the
correct visual analogy is number 2.

The two numerical sequences on
page 12 are completed by 350 and 22
respectively. The first sequence on
page 10 can be solved by applying
a generalized difference rule, with &
equal to 3, and then a generalized quo-
tient rule; the missing term is 324. The
second sequence ought to defeat all
but the most patient puzzle solvers
who did not try to write SE Q. It can be
solved by two quotient rules; the value
of k in the first rule is 5. The missing
term is —65,551.
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BOOKS

A personal account of the epochal discovery

that identified DNA as the genetic material

by Salvador E. Luria

THE TRANSFORMING PRINCIPLE: Dis-
COVERING THAT GENES ARE MADE OF
DNA, by Maclyn McCarty. W. W.
Norton & Company, Inc. ($14.95).

Kepler published the results of

his lifelong studies of the motion
of the planets, based on the remark-
able naked-eye observations made by
his teacher Tycho Brahe. Kepler’s
work established the heliocentric view
of the planetary system and formulat-
ed its geometrical interpretation in the
laws that go by his name: Kepler’s
three laws of planetary motion.

Thinking about Maclyn McCarty’s
The Transforming Principle, and reflect-
ing on the history of the discovery it
describes—the DNA nature of the
gene-transforming substance of the
pneumonia bacillus—I was struck by
an analogy between Kepler’s achieve-
ment and that of Oswald Avery, Colin
MacLeod and Maclyn McCarty. Both
advances provided factual and logical-
ly satisfying pieces of evidence that ex-
plained many converging but confus-
ing observations. In both cases the fac-
tual conclusions were reached before
they could be explained in terms of
mechanisms.

More than half a century elapsed be-
tween Kepler’s proclamation of the
laws of planetary motion and New-
ton’s interpretation of them in terms
of forces acting at a distance and uni-
versal gravitation. Only nine years
separated the classic 1944 article by
Avery’s group on the DNA nature of
the transforming principle and the dis-
covery of the double-helix structure
of DNA by James Watson and Fran-
cis Crick. Science moves faster in the
20th century.

Newton’s gravitational theory and
Watson and Crick’s double-helix mod-
el of DNA had an aura of abstract fi-
nality, of all-encompassing ‘“revela-
tion,” that put them beyond the range
of normal discovery—they were the

Between 1604 and 1618 Johannes

Philip Morrison’s regular book reviews
will appear again next month.
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leaps with which science breaks into
new states of integration. In contrast,
the achievements of Kepler and Avery
were ordinary science—intelligent, stu-
pendous, but not exceptional as feats
of the human intellect—and neither
of them took the scientific world by
storm. Kepler’s laws were probably
unknown to Galileo in 1632; the dis-
covery of the DNA nature of the ex-
tract that transformed the pneumonia
bacillus got a mixed reception. It was
disputed by biochemists, more or less
ignored by bacteriologists, and was
welcomed only by those geneticists
who had been flirting with thoughts of
genes and DNA. The background of
this discovery, the history of its recep-
tion and the personalities of the partic-
ipants make a fascinating story.

Maclyn McCarty’s book is a genu-
inely intimate and knowledgeable ac-
count of the transforming principle’s
discovery and its bearing on the later
deciphering of the DNA double helix.
Of the previously published histories
of the achievement it is complemented
in these respects only by René Dubos’
The Professor, the Institute, and DNA.
The styles of these two authors are as
distinct as one might find in the writing
of two serious scientists. Dubos’ prose
is sensitive, vigorous and assertive. His
narrative is marked by worship of
Louis Pasteur and a devoted if puzzled
admiration for Oswald Avery. McCar-
ty’s book is both a dry, low-key autobi-
ography and a precise step-by-step re-
port of the research that led to the dis-
covery. It is a model of sober restraint,
presenting the author and his col-
leagues as well as their critics with-
out sentimentality. McCarty is almost
touchingly precise in assigning to each
statement and recollection the degree
of certainty or uncertainty with which
he can warrant it.

Out of the two books—Dubos’ and
now McCarty’s—there emerge, paint-
ed with different palettes, the person-
alities in the story, particularly that of
Avery, who was known as the Profes-
sor to most colleagues (an appellation
that was shortened to Fess among his
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closest associates). The McCarty book
also makes it clear that the TP discov-
ery was outside the main lines of genet-
ic and biochemical research, at the
limit of the almost pathetically primi-
tive (by 1986 standards) technology of
the time. Simultaneously McCarty il-
lustrates in a paradigmatic way the
opportunistic process of research at
the frontiers of science: the shrewdness
required to grasp at disparate leads
and approaches.

The story of the discovery can be
summarized in a few paragraphs. It be-
gan in 1928 when the British bacteriol-
ogist Fred Griffith, puzzled by the fre-
quent occurrence of multiple “types”
of pneumococci—the pneumonia ba-
cilli—in the lungs of a single patient,
wondered whether the virulent types,
each of them characterized by specific
reactivity with an appropriate serum,
could interconvert. Griffith injected
mice with a mixture of nonvirulent ba-
cilli together with heat-killed virulent
bacilli of a specific “type.” Some mice
died, and in their lungs Griffith found
live virulent bacilli of the type that had
been killed. Many careful controls per-
suaded Griffith that the virulent pneu-
mococci (referred to as S, for smooth
colonies) had not just been revived: the
nonvirulent ones (called R, for rough)
had been “transformed” to virulence
and had acquired the “type” of the
dead ones.

Griffith’sreport fell on prepared soil
at the Rockefeller Institute’s pneumo-
nia laboratory. Pneumonia, in those
preantibiotic days, was the worst cause
of death in the industrial world. Avery,
the head of the laboratory, was a grand
master of pneumonia research and one
of the great men of bacteriology. To-
gether with Alphonse Dochez, Avery
first had isolated the substances that
surround virulent pneumococci and
are responsible for their virulence.
Then he had shown that each type (I,
IL, IT1, ...) is associated with a specific
substance and that each substance is
responsible for the reaction of a type
with its corresponding antiserum. This
was a critical advance in pneumonia
epidemiology, one that promised the
possibility of specific vaccination.

Later Avery had brought Michael
Heidelberger into the pneumococcus
field and together they had proved
that the specific capsular substances
of pneumococci are complex sugars
called polysaccharides. The discovery
of the capsular substances had revolu-
tionized immunology by proving that
molecules other than proteins could
elicit antibody responses in animals.
At this point Avery had brought René
Dubos to the Rockefeller Institute to
search for enzymes that degraded the
pneumococcal polysaccharides—and
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AT&T has shattered the information
barrier —with a beam of light.

Recently, AT&T Bell Laboratories
set the world record for transmission
capacity of a lightwave communica-
tions system —20 billion pulses of light
per second. The equivalent of 300,000
conversations, sent 42 miles, on a hair-
thin fiber of super-transparent glass.
But that’s really getting ahead of the
story.

Actually, the 20-gigabit record is
only one of a series of AT&T achieve-
ments in the technology of lightwave
communications.

But what does that record mean?

The Light Solution
To A Heavy Problem

All of us face a major problemin this
Information Age: too much data and
too little information. The 20-gigabit
lightwave record means AT&T is help-
ing to solve the problem.

For data to become useful informa-
tion, it must first be quickly, accurately
and securely moved to a data trans-
former —a computer, for instance.
Getting there, however, hasnt always
been half the fun.

Metallic pathways have a limited
transmission speed, sensitivity to
electrical interference and potential
for interception —factors that reduce
the effectiveness of today’s powerful
computers. Factors that are elimi-
nated by lightwave communications
technology.

Ten Goes Into One 20 Billion Times
Three primary components make
up any lightwave communications
system. On the transmitting end,
a laser or light-emitting diode; on the
receiving end, a highly sensitive photo-
detector; and in the middle, super-
transparent glass fibers we call
lightguides.
Installing these fibers is a major
cost of a lightwave communications

system. So, once installed they should
stay put—increased capacity should
come from fibers carrying more,
rather than from more fibers.

Which brings us to the 20-billion
bit-per-second story —about experi-
mental technology that has the poten-
tial to upgrade installed fiber to meet
any foreseeable capacity needs.

Using new, sophisticated lightwave
system components, we multiplexed
(combined) the outputs from 10
slightly different colored 2-billion bit-
per-second laser beams into a single
20-billion bit-per-second data stream.

Playing Both Ends
Against The Middle

But, let’s start at the beginning—
the 10 distributed feedback laser
transmitters.

These powerful semiconductor
lasers can be grown to produce light
of different, but very precise, wave-
lengths. The lasers we used transmit-
ted in the 1.55 micron (infrared) range,
with only minuscule fractions of a
micron between their wavelengths.
The purity and stability of the beams
let us pack their ten colors into the
most efficient transmitting region
of our single-mode, silica-core fiber.

To make the original 10 beams into
one, a fiber from each laser was fed
into a new lightwave multiplexer—a
prism-like grating
that exactly aimed
each beam into the
single transmission
fiber. Over 42 miles
later, a second grat-

Rt ing fanned the

multiplexer beam back into its
original 10 colors for delivery to 10
exceptionally sensitive avalanche pho-
todetectors—receivers that convert
the light pulses back into electrical
signals and amplify them many times.

A similar avalanche photodetector
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was the receiver when AT&T Bell
Laboratories set the world record for
unboosted lightwave transmission —
125 miles at 420 million bits per second.
From Sea To Shining Sea

System capacity is important. But
system reliability is vital. Especially
when the system is going under
10 thousand miles of water —and is
expected to last for 25 years.

AT&T is going to build the first
lightwave communications system
under the Atlantic Ocean. A similar
system is planned for the Pacific. In
1988, laser beams traveling through
two pairs of glass fibers will carry the
equivalent of 37800 simultaneous
conversations overseas, under-
water, from the U.S. to Europe and
the Far East.

AT&T has manufactured and
installed lightwave systems —as large
as the 780-mile Northeast Corridor
and as small as single-office local area
networks — containing enough fiber
to stretch to the moon and back. And
the capacity of each network is tailored
to meet the unique needs of its users.

Systems being installed in 1985
will be able to grow from 6,000 up to
24,000 simultaneous conversations on
a single pair of fibers.

AT&T is meeting today’s needs with
lightwave systems that are growable,
flexible and ultra-reliable. And antic-
ipating tomorrow’s needs with a whole
spectrum of leading-edge lightwave
communications technologies.

ATeT

The right choice.
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Dubos had succeeded: his enzyme spe-
cifically degraded type III polysaccha-
ride and could protect mice from an
injection of virulent bacilli.

When Avery read Griffith’s report,
he saw its importance and promptly
got one of his colleagues, Martin Daw-
son, to repeat Griffith’s experiments;
Dawson’s work confirmed Griffith’s
conclusions. Then Dawson and Rich-
ard Sia went further: they succeeded
in proving that transformation of R
pneumococci into specific S types
could take place in a test tube rather
than only in a living animal. This
opened the way to precise experimen-
tation. The next step, also taken in
Avery’s laboratory, was Lionel Allo-
way’s finding that transformation did
not require whole killed S bacterial
cells: extracts of dissolved pneumo-
cocci, for example type III, could
transform R cells derived from type I
or II into live S cells of type III. The
problem thereby became a biochemi-
cal one: the separation and identifica-
tion of a “transforming principle” (TP)
from the mixture of substances in the
bacterial extract. Avery’s name does
not appear in any of the articles pub-
lished by Dawson or Alloway, yet it is
clear that Avery was and remained
the driving force in the research.

Remarkably, no other investigative
group jumped in to exploit Alloway’s

promising finding. At the Rockefel-
ler Institute the TP research project
moved at what by today’s standards
appears to have been a surprisingly lei-
surely pace, driven by Avery’s convic-
tion of the importance of identifying
the transforming principle and con-
strained by the career requirements of
a series of young medical researchers.
Avery’s laboratory was a most desir-
able center for the training in research
of scientifically minded physicians,
several of whom followed Alloway
on the TP project. At times progress
was also slowed by Avery’s health
problems, which led to a thyroidecto-
my for Graves’ disease.

Enter finally Colin MacLeod. With
him the effort to purify TP began in
earnest, and yet it still progressed at a
heartbreakingly slow pace. In their
search for the transforming principle
MacLeod and Avery methodically ex-
cluded one by one most components of
their S-cell extract. Neither Dubos’ en-
zyme, which broke down the polysac-
charide, nor any of several enzymes
that destroy proteins affected the TP
activity. Tons of bacterial cultures had
to be prepared for these tests and Mac-
Leod invented the needed instrumen-
tation as he went along.

By the time MacLeod left Avery’s
laboratory in 1941 many things had
happened. For one thing, the arrival of

sulfonamide drugs had made research
on pneumococci less urgent if not alto-
gether obsolete. He and Avery had to
persuade themselves, as well as the in-
stitute’s administration, of the desir-
ability of continuing the study of TP.
By then they had become convinced
that TP must be nucleic acid—either
RNA or DNA, substances then distin-
guishable only by uncertain chemical
tests. MacLeod moved a mile and a
half south from the Rockefeller Insti-
tute to the New York University Med-
ical School. He remained in close con-
tact with Avery but, surprisingly, did
not pursue TP research in his own lab-
oratory. It seems reasonable to assume
that Avery was jealously keeping com-
plete control of his pet project.

When McCarty replaced MacLeod,
he may already have heard about the
TP problem, but he was naive with re-
spect to the substance of the work. His
previous experience had been in pedi-
atric bacteriology; still, he brought to
the TP group the fresh drive and sol-
id competence of a well-trained medi-
cal investigator. Methodically he and
Avery refined the purification of TP,
perfecting their techniques and pursu-
ing every clue, such as the “stringy”
appearance of the active fraction in an
alcohol precipitate and the loss of ac-
tivity on drying. Enzymes that degrad-
ed RNA did not affect this transform-
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ing activity. Most important, they
proved that the transformed bacteria
and their descendants became perma-
nent sources of more TP of the same
kind. The TP reproduced itself.

By 1943 McCarty and Avery felt
certain that TP was DNA—in fact,
pure DNA. It was not an easy certain-
ty: in 1943 no one knew what pure
DNA really was. Geneticists, particu-
larly chromosome experts, had expect-
ed DNA to have something to do with
genes, but they were outnumbered by
chemists who claimed it could not.
The chemists believed DNA was only
a monotonous polymer, a molecule
without importance, at most a dull
portion of something that was called
“nucleo-protein.” And McCarty still
had no reliable test for DNA. Alto-
gether the proof of the DNA nature
of TP was anything but “rigorous,”
the term by which Horace Judson de-
scribed it in his summary of the TP
story in The Eighth Day of Creation. Yet
Avery and McCarty, joined by Mac-
Leod, decided to go public.

No pressure or competition or sud-
den emergence of irrefutable data pre-
cipitated the decision to publish. Inret-
rospect it appears that at this point
Avery may have decided to exert the
prerogative of the experienced leader.
He exhibited the assertiveness that
comes from the habit of success: a will-

ingness to impose on a still confused
mass of data a certainty that is emo-
tional as well as rational. Such a source
of certainty in science is unrecognized
by those who believe certainty comes
only after innumerable controls and
attempts to disprove. The certainty
Avery exhibited is more akin to illumi-
nation, a sudden vision projecting the
possibility of an intellectual leap.
What happened in the TP research at
this point may have been the maturing
of the conviction that the transforma-
tions observed in pneumococci were
not just an idiosyncratic phenomenon
of bacteriological interest but a stu-
pendous lead to the chemical basis of
hereditary specificity.

The article by Avery, MacLeod and
McCarty, which appeared in the Feb-
ruary 1, 1944, issue of the Journal of
Experimental Medicine, is cautious in
its conclusions but revealing in its
opening sentence: ‘“Biologists have
long attempted by chemical means to
induce in higher organisms predictable
and specific changes which thereafter
could be transmitted in series as hered-
itary characters.” Note the precise
wording, which could have satisfied
any card-carrying geneticist.

Earlier in 1943 Avery had written
his brother a letter, which fortunately
became part of the public record be-
cause Avery showed it to Max Del-
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briick, who after Avery’s death insist-
ed that it be published. In the letter,
reproduced in part in the McCarty
book, Avery sounds cautiously but
deeply stirred: “After innumerable
transfers and without further addition
of the inducing agent, the same active
& specific transforming substance can
be recovered far in excess of the
amount originally used to induce the
reaction. Sounds like a virus—may be a
gene....the problem bristles with im-
plications. ... It touches genetics, en-
zyme chemistry, cell metabolism &
carbohydrate synthesis, etc.”

Whether or not Avery and his col-
leagues were aware of it, there was
something in the air at the time those
words were written. Just as the classi-
cal biochemistry of energy metabo-
lism reached its apogee, marked by
Fritz Lipmann’s great review article of
1941, genetics was entering new and
greener pastures. In December, 1940,
George Beadle and Edward Tatum
had reported their first results on the
biochemical genetics of the bread
mold Neurospora crassa—the work that
was soon to lead them to put forward
the one-gene, one-enzyme hypothesis.
And in 1943 Delbriick and I had pub-
lished in Genetics the first demonstra-
tion that bacterial variants originate by
spontaneous mutation.

Bacteriologists were then by and
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large oblivious of genetics. Many of
them accepted uncritically hypotheses
such as one put forward by the physi-
cal chemist Cyril Hinshelwood, which
ascribed heredity and variations in
bacteria to complex flow equilibriums
in chemical reactions. In his 1976 book
on Avery and the Rockefeller Insti-
tute, Dubos, one of the most biologi-
cally minded bacteriologists, remarks
that as of 1945 he “could find in the
literature only a few sketchy experi-
ments to support the view that...some
phenomena of bacterial variability
nevertheless probably fall within the
fold of classical genetics.” It is a fact
that most bacteriologists did not read
Genetics.

Yet people such as Avery, MacLeod
and McCarty certainly knew or sensed
what was in the making. Theodosius
Dobzhansky, in the second edition of
Genetics and the Origin of Species, pub-
lished in 1941, gave an account (the
first one to come to my attention) of
the transforming-principle story and
its possible bearing on the study of
gene mutations. In the summer of
1941, at Cold Spring Harbor, Dob-
zhansky developed a close intellectual
relationship with Alfred Mirsky. Mir-
sky was a Rockefeller Institute bio-
chemist who, in 1942, gave McCarty
some useful leads on handling DNA
and even collaborated with him in one
set of experiments. Mirsky later be-
came one of the severest critics of the
Avery group and of their conclusion
that TP consisted of DNA. He was
critical partly on grounds of rigorous
biochemical standards and partly, per-
haps, because of a grudge over his
abortive participation in the research.

Thus the Rockefeller Institute must
have been abuzz with talk of biochem-
ical genetics. It is reasonable to sup-
pose (the supposition is not contradict-
ed by anything in McCarty’s book)
that the profound biological signifi-
cance of their TP work may, sometime
between 1942 and 1943, have become
so urgently clear to Avery, MacLeod
and McCarty that the realization in-
duced even the supercautious Avery to
publish what was a fact—even though a
fact validated as much by conviction
as by hard evidence, a fact less fully
convincing to experimentally minded
critics than Kepler’s laws might have
been to Huygens and Newton.

Here I shall take a closer look at the
authors of the 1943 article and its fate-
ful statement. I have known all three of
them personally. It is ironical to say
that Avery stood out among the three.
He was a “petite,” gnomelike man with
piercing but kindly eyes under an enor-
mous forehead and a bald top, which
he constantly stroked while he deliv-
ered to visitors his customary recita-
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tions of the pneumococcal transfor-
mation story (McCarty refers to these
discourses as the “Red Seal Records”).
His professional stature was apparent,
as Dubos pointed out, in his complete
lack of self-importance. He was unfail-
ingly gentle, courteous in an unaffect-
ed way, yet prim and restrained. He
had a sharp, teasing wit: I was told of
his habit of greeting any colleague who
had published a short preliminary note
with the remark, “I have seen your ad-
vertisement.” One day in early 1946 he
walked into the Rockefeller Institute
library before lunch just as I had found
in the current issue of Experientia an
article by the French bacteriologist
André Boivin reporting DNA-mediat-
ed transformation in the bacterium
Escherichia coli. When I showed Avery
the article, he read it quickly, asked me
to join him for lunch, and when a few
of his co-workers sat down with us he
whispered to them, “We seem to have
continental support.”

I visited Avery’s laboratory at least
three times between 1943 and 1945.
I was interested in the connection
between the TP work and my own re-
search on bacterial mutations, won-
dering if the DNA might not trans-
form a special class of mutant bacteri-
al cells. (I worked for a few months on
this topic and quit when later work in
Avery’s lab made my idea untenable.)
Avery insisted that first of all he had to
be absolutely sure of the chemical na-
ture of the transforming principle.

So did McCarty, who by that time
was searching for further proof of
DNA involvement. McCarty’s per-
sonality was radically different from
Avery’s. Intensely serious and alien to
discourses, rather shy, laconic in ex-
planation, he was a model of the seri-
ous medical researcher.

Jollier and more easygoing than
McCarty was MacLeod, whom I came
to know much better when, after the
TP discovery, he became actively in-
terested in bacterial genetics. In 1946
MacLeod asked Vernon Bryson and
me (I was then spending a year at Cold
Spring Harbor) to lead a genetics semi-
nar at N.Y.U., where he headed the
microbiology department. This turned
out to be a delightful experience with
a group of bright, intensely interested
young people. In those few years bac-
teriologists had discovered genetics—
thanks to the transforming principle.
Dobzhansky was encouraging his best
students to work in bacterial genetics
(one of them, Harriett Taylor, joined
Avery in 1945). And Tatum and Josh-
ua Lederberg had discovered mating
between E. coli cells.

The response of biochemists to the
identification of TP with DNA was
more cautious. Their bias was an-

© 1986 SCIENTIFIC AMERICAN, INC

chored in the belief that DNA, which
when degraded yields just four compo-
nents—the four “nucleotides” called A4,
G, T and C for short—had a simple
repetitive structure (AGTC-AGTC or
some other repeated sequence). There-
fore, the chemists reasoned, DNA
could not serve to encode any specific
genetic information.

It is remarkable that this hypothesis,
which had been proposed by P. A. Le-
vene without any clear analytical evi-
dence, had taken root in the mind of
the few biochemists interested in nu-
cleic acids—an unquestioned assump-
tion that reminds me of the equally
unchallenged assumption of astrono-
mers before Kepler that planets should
move in circles, whether around the
earth or around the sun. The circle,
according to Greek philosophers, was
the ideal geometric figure. Levene’s
hypothesis, like that of Greek astron-
omers, appears to have been initiated
by an unconscious desire to impose
an ideal order of the simplest possible
kind on another aspect of nature. The
“sacred rage for order” (to use words
from a poem by Wallace Stevens)
when carried too far can generate hid-
den assumptions. The unmasking of
such assumptions may in turn become
the key to new advances.

Apart from Levene’s specific model
of DNA, a major obstacle to the ac-
ceptance of Avery’s conclusion by bio-
chemists, even after more solid evi-
dence was provided by McCarty and
by other Avery associates, was the lack
of a plausible DNA “structure” on
which to hang the specificity required
of a genetic material. Proteins were
“proteic,” that is, multiform in struc-
ture. Their specificity was demonstrat-
ed, for example by serological tests.
DNA instead remained mysteriously
amorphous in the mind of biochem-
ists. Bacteria, particularly pneumococ-
ci, might, it was suggested, be a freak
class of organisms. Even if bacterial
genes contained DNA, what did this
prove about genes in fruit flies or hu-
man chromosomes?

The relatively long delay between
Avery’s discovery and its generaliza-
tion to other genetic materials encour-
aged all kinds of questioning. Itis still a
tormenting recollection in my own sci-
entific life that I (who had been so close
to the TP story, had written a detailed
report about it in 1947 and had even
briefly worked on it) could in a 1951
paper suggest that the genetic material
of a bacteriophage might be protein—
a few months before Alfred Hershey
and Martha Chase reported their bril-
liant experiments identifying DNA as
the phage genome.

Geneticists had for years been told
by some of the shrewdest cytologists,



who were examining chromosomes by
means of dyes more or less specific for
protein or for nucleic acids, that DNA
might be part of the genetic material.
And yet others (besides myself) did not
fully internalize the idea of the possi-
ble universality of Avery’s discovery.
Our hesitation is even more puzzling in
retrospect when we consider that with-
in months after the publication of the
Luria-Delbriick test for mutations in
E. coli, several genetic laboratories had
taken up that lead. The failure of the
Nobel committee to recognize the
Avery work is particularly puzzling
since one of the major experts in the
chromosomal location and distribu-
tion of DNA was a member of the
committee. Perhaps it was thought to
be unseemly that the gene’s identity
should emerge from bacteriology.

The story of the fortunes of the TP
discovery took a curious twist later
when Gunther Stent, a molecular biol-
ogist and philosopher, suggested that
Avery’s discovery had failed to be ap-
preciated because it was “premature.”
The doctrine of prematurity in discov-
ery has provided a prime subject for
arguments among historians of science
in spite of the obvious circularity of
the concept: is a discovery premature
because it is not appreciated, or vice
versa? More simply, does a discovery
seem premature to those who missed
its significance or failed to read or
learn about it? The identification of TP
as DNA was neither ignored nor unre-
cognized. It was questioned by some
and embraced by others, and the uni-
versality of its impact remained uncer-
tain. What Watson and Crick provided
in 1953 was the chemical underpin-
ning for the generalization.

Avery’s work was unknown to Wat-
son (he tells me) when, at the age of 18,
he came to Indiana University as a
graduate student. There he heard of
pneumococcal transformation in my
virology lectures and in Tracy Sonne-
born’s genetics course. Watson’s fasci-
nation with DNA, which was both a
rational and an emotional commit-
ment (note the two key ingredients of
science), dates from those days. It was
this fascination that years later led him
(with my encouragement and in spite
of Delbriick’s misgivings) to pursue
the biochemistry of DNA. He ulti-
mately stirred Crick to enthusiasm for
that substance and drove the two of
them to their great discovery, the
DNA double helix: two complemen-
tary polynucleotide chains, each bear-
ing complete directions for replication
and each providing precise informa-
tion for protein synthesis. DNA can
be ‘“transcribed” into RNA, which di-
rects the synthesis of proteins.

This discovery stands at the center

of biological science; it has both a tow-
ering finality and an aesthetic beauty
that give it a stature comparable to the
stature Newton’s dynamics has en-
joyed for the past three centuries in
physics. Out of the double-helix model
came a transformation of biology—the
vision of a unity even more convincing
than the great Darwinian synthesis.
The clarifications of protein synthesis
and of its regulation through control
of gene action (a control itself medi-
ated by specific protein-DNA interac-
tions) are the high points of the new
biology and now promise to solve the
mystery of the development of com-
plex organisms.

Reflecting on the prospects for fur-
ther advance, one may be tempted to
take an attitude of romantic pessi-
mism: all that remains is either ap-
plications or epistemological disqui-
sition. Such was the mood in phys-
ics around 1900—after Maxwell and
Boltzmann, and just before Curie,
Planck, Rutherford, Einstein and Bohr
entered the picture. And so there is
hope for the young biologists who
dream of discovery.

Where might the “new” come from?
I can think of two sources: areas that
are today beyond the pale of molecu-
lar biology and areas where the current
paradigm may again be found incom-
plete, as it was in physics. History, at
least, offers the possibility that unwar-
ranted hidden assumptions may be
recognized in the present framework
of molecular biology.

One area of persistent obscurity is
the “cell theory.” Can genes make a
cell? Is the organization of a cell as a
domain defined by a closed membrane
fully coded in the genes, or does the
membrane represent a self-priming
pattern of organization? An answer to
this question will require evidence for
or against the possibility of synthesis
of cells from subcellular elements. It
may be sought by inquiring into the
origin of polyphyletic cell types such
as cyanobacteria or eukaryotic cells,
which appear to have arisen from the
merger of elements having different
evolutionary origins.

The paradigm of molecular biology
has already withstood several chal-
lenges that superficially seemed to
bring into question its original formu-
lation: the role of DNA as the genetic
material and that of protein as the stuff
of catalysis. Several viruses have RNA
genomes, which are reproduced either
through an intermediary DNA or di-
rectly as RNA. This, however, simply
means that both kinds of nucleic acid
can embody in their nucleotide se-
quences information capable of being
copied. In fact, it now appears that a
substantial portion of the DNA ge-
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nome of animals probably originated
with the copying of RNA into DNA
sequences that were subsequently in-
corporated into the chromosomes. As
for catalysis, the recent finding that an
RNA molecule can in some instances
catalyze its own restructuring does not
shake the central notion that not genes
themselves but only their products—
mostly proteins but exceptionally also
RNA—can function as catalysts for
specific steps of cellular chemistry.

There is another twist beyond the
simple picture of heredity based on
mutation-prone but otherwise stable
DNA sequences. It is the discovery
that the response of the animal body
to the innumerable variety of foreign
substances involves a reprogramming
mechanism for creating new DNA se-
quences—new genes—in the cells of
the immune system. This discovery il-
lustrates a subtle complexity of heredi-
ty based on DNA structure. The genet-
ic endowment of an animal is more
than a set of genes; it is a range of
possibilities actuated during life by in-
fluences that selectively amplify clones
of immune cells with the appropriate-
ly responding genes.

Molecular biology would be truly
revolutionized by proof that sub-
stances other than nucleic acids can
have a genetic role, that is, serve as
molecular templates for the replica-
tion of themselves or for the produc-
tion of nucleic acid chains. It has been
suggested that amino acid sequences,
primitive proteinlike molecules, might
have had roles as templates in precel-
lular stages of the evolution of life.

Whether a revolution in molecular
biology is forthcoming, and whether
any such revolution will emerge from
novel findings at the molecular level
or from resolution of epistemological
quandaries, perhaps in dealing with
the biology of the human mind, is for
the future to tell. Avery and his co-
workers were not after a revolution in
science. They sought the answer to a
specific question, the nature of TP,
and it turned out to be a profoundly
important answer. This is the normal
path of the scientific enterprise: put-
ting together the pieces of a puzzle
whose design comes into existence only
as the pattern grows.

Max Delbriick, speaking with Hor-
ace Judson, once pointed out that “sci-
ence pretends that the scientist is im-
mortal,” a thought that caused him to
worry lest it make scientists less hu-
man, less concerned about the mystery
of human life. Is there for a biologist
any true immortality other than hav-
ing put into place, as Avery, MacLeod
and McCarty did, a fragment that illu-
minates the overall pattern of the puz-
zle of life?
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People can get very
superstitious about when

they do their computer backup.

Especially if it gives them an
excuse for not doing it at all.

Because, after all, backing
up is about as exciting as
watching paint dry.

One way to take the curse
offis to do it first thing in the
morning. If you're one of those
slow starters who has to have
coffee and push some papers
around for awhile when you get
to work, that dead time could
be perfect for backup.

—Computer backup excuse #243

As for how to do it, the
floppy disk is fine if you have a
limited amount of memory, and
the data cartridge for 5 to 10
Mbytes or over.

To learn more about backup
and other applications of
the data cartridge, a
3M developed
technology

whose time has come, contact
your local computer products
dealer.

And maybe you won't be

one of those people

who does his backup
only once in a blue
moon.

When you
run out of
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Can the US. Trust the USSR’

Neither country is beyond reproach in its observance of the SALT

arms-control treaties. Soviet behavior can be understood in the

broader context of superpower political and military competition

Imost from the moment the U.S.
ratified the treaties drawn up at
the first set of Strategic Arms

Limitation Talks (SALT 1), accusations
of nonadherence have been made
against the U.S.S.R. For instance, for-
mer Secretary of Defense Melvin R.
Laird declared in 1977 that “the evi-
dence is incontrovertible that the So-
viet Union has repeatedly, flagrant-
ly, and indeed contemptuously violat-
ed the treaties to which we have
adhered.” Most recently President
Reagan, in 1984 and again in February
and December of 1985, publicly ac-
cused the U.S.S.R. of violating a num-
ber of arms-control treaties, among
them the SALT 1 Anti-Ballistic-Missile
(aBM) Treaty and the sALT 11 Treaty.

Yet just as allegations of noncompli-
ance have been reiterated from the
time SALT 1 first entered into force in
1972, so does ambiguity recurrently
afflict the evidence. Methods of moni-
toring compliance have always been
imperfect; the information they pro-
vide is enveloped by a measure of un-
certainty. Moreover, because each side
is not willing to unduly limit its future
options, simple blanket prohibitions
are generally avoided in treaty lan-
guage. Loosely worded or excessively
qualified clauses, however, leave plen-
ty of room for interpretation.

Even if definitive judgments regard-
ing the U.S.S.R.’s fidelity to its promis-
es can seldom be reached, a close look
at the public record can nonetheless
suggest some tentative conclusions.
The record of the US. is also an in-
structive object of study. As arms-con-
trol delegations continue to meet at the
negotiating table in Geneva and the
American and the Soviet leaders pre-

by Miroslav Nincic

pare for their second summit meeting,
it is appropriate to review the avail-
able evidence on Soviet compliance
and to consider under what circum-
stances the Soviet Union engaged in
dubious behavior, how far it went in
each case and what determined the
pattern of each side’s compliance with
its treaty obligations.

he most credible of the charges

made by the Reagan Administra-
tion relates to the 1972 aABm Treaty. By
the terms of the treaty, each side was
allowed to deploy one ABM system at
the national capital and one system
at a launch area for intercontinental
ballistic missiles (1cBM’s). (In 1974 a
protocol to the treaty further restricted
each side to only one of the two origi-
nally acceptable areas.) The treaty also
contained several provisions specifi-
cally designed to block each nation
from acquiring a capacity to quickly
deploy a more extensive ABM defense.
One such provision stipulates that ear-
ly-warning radars must be emplaced
along the country’s periphery and ori-
ented outward. Such powerful radars,
if they were built in the nation’s interi-
or, could otherwise cover a substantial
area of the continental landmass and
serve as battle-management radars for
a nationwide ABM system.

In July, 1983, a Big Bird high-orbit
satellite spotted a large new radar un-
der construction in central Siberia.
High-resolution imagery from a pho-
toreconnaisance satellite subsequent-
ly confirmed that a phased-array ra-
dar was under construction near the
village of Abalakova, north of the city
of Krasnoyarsk. Unlike the other Sovi-
et early-warning radars, which face
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outward and are situated on the na-
tion’s periphery, the radar near Kras-
noyarsk is well inland (about 750 kilo-
meters, or 465 miles, from the Mongo-
lian border and some 1,600 kilometers,
or 1,000 miles, from the Arctic Ocean)
and is oriented so that it can cover a
fan-shaped area opening toward the
Bering Sea across several hundred
thousand square miles of Russia.

In view of these facts, the Krasno-
yarsk radar can be considered a prob-
able violation of the ABM Treaty. In-
deed, in 1984 the Administration
charged that the radar “almost certain-
ly constitutes a violation of legal obli-
gations.” By 1985 all qualifiers were
dropped and the Government suc-
cinctly stated that “the U.S.S.R. has vi-
olated the ABM Treaty.”

Moscow responded to these charges
by affirming that the radar is intended
to track objects in outer space (a mis-
sion permitted by one of the agreed-on
statements that accompanied the trea-
ty), but the explanation fails to carry
conviction. The radar is positioned in
such a way that it would not make any
useful contribution to tracking current
space missions of the U.S.S.R. or for
that matter of any other country. Its
location would enable it to track only
some 10 percent of earth-orbiting sat-
ellites—a paltry service for such an
expensive construction project. Al-
though the general opinion is that the
Krasnoyarsk radar is in fact intended
for the early warning of a ballistic-mis-
sile attack and not necessarily for an
ABM defense, the Soviet contention
that it is a legitimate system designed
to track spacecraft is implausible.

This is not the first time the site of a
Soviet radar has been considered to be
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contrary to the terms of the ABM Trea-
ty, but in the other cases the infractions
have been far less clear-cut. One earli-
er issue sprang from the discovery in
1975 that a new radar capable of
ABM-related functions was being in-
stalled on the Kamchatka peninsula.
The treaty permits the deployment
of ABM subsystems if they are used
for development and testing and as
long as they are sited within “current
or additionally agreed test ranges.”

SKRUNDA
MINSK emoscow

The Soviets argued that the Kamchat-
ka installation was on precisely such
a range.

Prior to the conclusion of negotia-
tions, however, the U.S. delegation
had given the Soviet delegation a list
of both sides’ test ranges, and the list
did not include the Kamchatka impact
area. The Russians neither confirmed
nor denied the list’s accuracy or com-
pleteness, making the subsequent situ-
ation ambiguous. Because the location

KRASNOYARSK
(ABALAKOVA)

of the new ABM radar was not consid-
ered strategically significant, the U.S.
relented and agreed that henceforth
the Kamchatka radar would be consid-
ered part of an ICBM test range, as al-
lowed under the treaty.

he Krasnoyarsk radar is not the
only infringement of the ABM Trea-
ty publicly alleged by the current Ad-
ministration. In his report of Febru-
ary, 1985, President Reagan raised the

SOVIET PHASED-ARRAY RADAR (whose field of view is shown
in red) under construction at Abalakova, near the city of Krasno-
yarsk, has been cited by the U.S. Government as an outright viola-
tion of the Anti-Ballistic-Missile (ABM) Treaty. The treaty, which
bans nationwide ABM systems, requires that early-warning radars
be emplaced on the periphery of the country and be outwardly ori-
ented, as the U.S.S.R.’s other early-warning radars (coverage shown
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in gray) are. Such radars could otherwise keep watch over the na-
tion’s territory and serve as part of an extensive ABM system. The
Soviet Union maintains that the Krasnoyarsk radar is intended not
to provide early warning of a ballistic-missile attack but to track
objects in space, a mission permitted by a mutually agreed-on state-
ment appended to the treaty. Because of its position, however, the
radar can track only a small percentage of earth-orbiting objects.
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matter of certain Soviet surface-to-air
missile tests. The Soviets apparently
have developed antiaircraft missiles,
in particular the SA-12 hypersonic
missile, which can also serve as an anti-
tactical-ballistic-missile (ATBM) weap-
on. Although tactical weapons are not
under the purview of the SALT agree-
ments, ATBM systems could conceiv-
ably engage submarine-launched bal-
listic missiles (SLBM’s), which, when
they are launched into depressed tra-

jectories, traverse flight paths similar
to those taken by tactical missiles. Un-
der certain circumstances ATBM Sys-
tems might therefore have a limited
ABM application.

More significant charges involved
earlier antiaircraft systems. During
1973 and 1974 the U.S. observed that
the radar associated with the Soviet
SA-5 antiaircraft missile was being
tried out in a new military role: to
track strategic ballistic missiles in mid-

flight—animportant part of an ABM ra-
dar’s function. The testing suggested
an intention to make the system capa-
ble of engaging enemy ballistic mis-
siles. This possibility had occurred to
the U.S. during the negotiations, and
an article of the aABm Treaty (later
amplified by an American ‘“unilateral
statement”) accordingly banned the
testing of antiaircraft weapons in an
“ABM mode.”

The Carter Administration raised

U.S. RADAR COVERAGE for the early warning of a submarine-
launched-ballistic-missile (SLBM) attack will be provided by four
PAVE PAWS installations; those at Beale Air Force Base and at Otis
Air Force Base are currently operational and the other two are
scheduled to become operational by 1987. The U.S.S.R. contends
that the radars under construction at the Goodfellow and Robins
bases contravene the ABM Treaty, which preserves deterrence by

sustaining a mutual vulnerability to nuclear retaliation. Although
the radars will radiate their signals outward, as stipulated in the
treaty, the overlapping 240-degree fields of view (red) will blanket a
significant part of the continental U.S. The Soviet Union asserts
that such extensive overland coverage by advanced phased-array ra-
dars gives the U.S. the capability to support an ABM system that
could defend American territory against a ballistic-missile attack.
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the matter with Soviet officials through
diplomatic channels. Moscow denied
any intention of altering the SA-5 for
an ABM mission and pointed out that,
even under the U.S.’s unilateral state-
ment, such radars could be used for
range-safety and instrumentation pur-
poses. The U.S. recognized that the
trials could have had this purpose and
observed that, in any case, “much
more testing, and testing significantly
different in form, would be needed be-
fore the Soviets could achieve an ABM
capability for the SA-5.” The issue
soon became an academic one since
the Soviet Union thereafter halted the
testing activities.

The current Administration has an
additional qualm relating to Soviet ob-
servance of the ABM Treaty; it concerns
a provision that prohibits the develop-
ment, testing or deployment of mobile
ABM systems. The Soviet Union is up-
grading its single legal ABM system
around Moscow to the so-called ABM-
X-3 configuration. As a part of this im-
proved system, the U.S.S.R. has de-
veloped a new set of modular radars,
the “Flat Twin” radars. The units can

be erected on a prepared site within
months. The troubling implication is
that this might represent a “mobile”
ABM subsystem. Again, the situation is
extremely ambiguous. Is a prefabricat-
ed house that can be rather quickly put
together a mobile home?

Alother set of charges leveled by
the Administration primarily con-
cern the second bilateral treaty on the
limitation of strategic arms, SALT II
(The treaty has not been officially rati-
fied by the U.S,, but President Reagan
has guaranteed that the U.S. will abide
by it as long as the Soviet Union does.)
The agreement, among other provi-
sions, allows each side to test and de-
ploy only one new type of i1CBM. An
appended “common understanding”
specifies that existing missiles may be
augmented by as much as 5 percent
in length, diameter, launch weight or
throw weight (payload). Any missile
enlarged by a greater margin would be
regarded as establishing a new class.
In October, 1982, at Plesetsk the
U.S.S.R. began flight-testing a multi-
ple-warhead, solid-fuel i1cBM. The So-
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ALLEGATIONS of noncompliance with arms-control agreements display a certain consis-
tency, with charges made in the past few years relating to dubious actions that in many
cases are comparable to actions that drew similar charges a decade or so ago. The back-
ground color indicates the particular treaty to which the objections listed here refer: the
Interim Agreement (light color) and the ABM Treaty (dark color), both drawn up in 1972 at
the first set of Strategic Arms Limitation Talks (SALT 1), and the saLT 11 Treaty (gray),
signed in 1979 but never officially ratified by the U.S. Question marks designate instances
in which the U.S.S.R. could justifiably charge the U.S. with infringement of treaty provi-
sions unless the treaties are amended or the U.S. changes its plans. In the case of the Pa-
triot antiaircraft system the purportedly illegal activity has apparently been discontinued.
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viets subsequently told the U.S. Gov-
ernment that the missile, designated
the SS-24 by U.S. intelligence, was the
new ICBM permitted under the trea-
ty. In February, 1983, however, test
flights of another missile, a three-stage,
mobile 1cBM, were also initiated at Ple-
setsk, placing the U.S.S.R. in apparent
violation of SALT 11. This missile, which
has since begun to be deployed, is des-
ignated the SS-25.

The Soviets have denied that the SS-
25 is a new type of missile. Rather,
they maintain it is simply a modified
version of an older 1cBM, the SS-13,
of which approximately 60 were de-
ployed in the 1970’s. The disagreement
centers on measurement of the SS-13’s
throw weight. According to Moscow,
the difference between the two missiles
is not great enough to qualify the SS-
25 as a new missile by SALT 11 criteria.
In the opinion of a study prepared by
the nonpartisan Arms Control Associ-
ation, the data collected during the SS-
13’s flight-test program in the 1960’s
are inadequate to determine conclu-
sively whether or not the difference in
throw weight between the two missiles
is more than 5 percent of the SS-13’s
throw weight.

Even the U.S. Government’s 1984
report to Congress was comparatively
cautious. It recognized that “the evi-
dence is somewhat ambiguous,” and
declared deployment of the SS-25 to
be only a “probable violation” of a
“political commitment” to observe
SALT 11. Recently it was reported that
the Soviet Union has carried out sever-
al test launches of the SS-13 to allow
the U.S. to adjust its data, but it is not
yet known whether the Administration
feels reassured.

Washington states furthermore that
the SS-25 represents a breach of SALT 11
in another way: by violating a clause
that prohibits the testing or deploy-
ment of any single-warhead missile
whose reentry vehicle is less than half
the weight of the missile’s “bus,” the
reentry vehicle along with the device
from which the vehicle isreleased. The
rationale behind this treaty provision
was to make it difficult for either side
to convert single-warhead missiles into
multiple-warhead ones, since to do so
would require development of rela-
tively light reentry vehicles. In this
way neither party could acquire a ca-
pacity for a rapid strategic ‘“break-
out” of warheads.

U.S. intelligence agencies seem to
have concluded that in the case of the
SS-25 the weight of the reentry vehicle
falls somewhat short of the 50 percent
minimum. The Soviets deny the claim;
they imply that an instrumentation
package was substituted for the re-
entry vehicle during testing, and that



the package is lighter than the vehicle
would be.

To put the controversy in perspec-
tive, one should remember that
claims of Soviet noncompliance with
size and weight restrictions have been
made before. Of the 1,409 launch-
ready icBM’s allowed the U.S.S.R. un-
der saLT 1, the U.S. considered the
1,096 SS-11’'s to be “light” 1CBM’s,
while 313 SS-9’s were classified as
“heavy.” Because the U.S. had conced-
ed the Soviet Union more launchers in
order to counterbalance the U.S. lead
in total number of warheads, it seemed
important not to let the U.S.S.R. dis-
rupt the negotiated rough strategic
equivalence by increasing the size and
hence the warhead-carrying capacity
of their weapons.

The Soviet saLT delegation, howev-
er, resisted any discussion of missile
size and weight, and it was left up to
the American delegation to proclaim,
through a unilateral statement, that an
icBM would be considered heavy if it
had a volume “significantly greater
than that of the largest light 1IcBM now
operational.” The American under-
standing was that heavy ICBM’s were
not to be substituted, in any signifi-
cant measure, for those in the light
class. In spite of the enunciated U.S.
position, the Soviet Union undertook
to replace a number of SS-11’s with
larger SS-17’s and even larger SS-19’s.
This resulted in an increase in missile
throw weight of 186 percent in the first
case and more than 300 percent in the
second (although in both cases the
throw weight remained substantially
below that of the heavy SS-9).

Was this a treaty violation? Techni-
cally it probably was not since the def-
inition of a heavy icBM and the obli-
gation not to build one were rooted
in a unilateral U.S. interpretation of
the treaty. Still, political predilections
guided opinions in opposite directions.
Senator Jake Garn felt that “the de-
ployment of the SS-19 would have jus-
tified, indeed, should have demanded
U.S. abrogation of the accords.” Yet
then Secretary of State Henry Kissin-
ger rejoined that “it is at least open
to question whether the United States
can hold the Soviet Union responsible
for [the U.S.’s] statements when the
Soviet Union has asserted that it does
not accept this interpretation.”

Another, more recent problem in-
volving the SS-16 mobile icBM also
stemmed from an unclarified defini-
tion. Under the terms of the SALT 11
Treaty the SS-16, originally developed
in the 1970’s, could no longer be pro-
duced, tested or deployed. Yet the is-
sue of what was to be done with those
SS-16 missiles already in existence (es-

SOVIET SA-5 MISSILE was designed to intercept high-altitude enemy aircraft. During
1973 and 1974, however, the U.S. observed the radar associated with the SA-5 tracking
ballistic missiles, a function of ABM radars. The ABM Treaty forbids the testing of antiair-
craft systems in an “ABM mode,” and accordingly the U.S. Government objected through
appropriate diplomatic channels. The Soviet Union denied any intent to endow the SA-5
system with an ABM capability, but soon thereafter it ceased the controversial activity.

timated to number between 30 and 80)
was left unresolved. Although they
were clearly not to be deployed, the
exact meaning of “deployed” was nev-
er specified. The U.S.S.R. presumed
it had fulfilled its obligation by put-
ting away the existing SS-16’s at the
Plesetsk missile-testing grounds. Is a
missile deployed if it is mothballed at
a test range? The Reagan Administra-
tion argued that it was. In any event,
the missiles have since been removed
and put into storage, and so at least
one source of controversy has been
eliminated for the Administration.

Given the wariness that the two sig-
natories to the SALT agreements
have toward each other, it is not sur-
prising that each side continuously
monitors the compliance of the other
through intelligence-gathering devices
such as sophisticated photoreconnais-
sance cameras, radars and eavesdrop-
ping radio antennas based in space, on
land and at sea. These devices are col-
lectively known as national technical
means of verification [see “The Verifi-
cation of Compliance with Arms-Con-
trol Agreements,” by David Hafemeis-
ter, Joseph J. Romm and Kosta Tsipis;
SCIENTIFIC AMERICAN, March, 1985].
In order to facilitate the operation of
these nonintrusive methods of moni-
toring treaty compliance, both parties
pledged to limit the extent of conceal-
ment with which they surrounded their
strategic weapons. An important pro-
vision of SALT 11 in this regard limited
the encryption of telemetry.
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Telemetric information is test-per-
formance data that are transmitted as
a stream of radio signals from the mis-
sile to monitoring stations while the
missile is in flight. Because each side
routinely intercepts the other’s signals
to gather military intelligence, each
side encrypts part of its telemetry to
deny the other secret information.

A common understanding appended
to the saLT 11 Treaty states: “Each Par-
ty is free to use various methods of
transmitting telemetric information
during testing, including encryption,
except that...neither Party shall en-
gage in deliberate denial of telemet-
ric information, such as through the
use of telemetry encryption, whenever
such denial impedes verification of
compliance with the provisions of the
Treaty.” The statement implies that in-
formation bearing on treaty compli-
ance can be distinguished, at the prac-
tical level, from information that does
not (although it may still be sought for
intelligence reasons), and that different
transmission channels or modes can be
assigned to the two types of data.

By most reports about 60 percent
of Soviet telemetry is regularly en-
crypted, but the figure has been signifi-
cantly greater for tests of the most re-
cent ballistic missiles: the SS-24 and
the SS-25 1cBM’s, as well as the SS-N-
20 sLBM. According to the Reagan Ad-
ministration, the increase in Soviet en-
cryption constitutes “an example of
deliberate impeding of verification of
compliance.”

There is no doubt that the greater
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the level of encryption, the stronger
the suspicion that the Soviet Union
is undermining SALT 1. Yet, as was
explained to the Senate by General
Charles A. Gabriel, the U.S. Air Force
Chief of Staff, “it is misleading to use
the level of encryption as a guide for
determining how well we can verify
what they are doing. More central is
the nature of the encryption, that is,
what missile-test functions are being
encrypted and what functions are be-
ing transmitted in the clear.” In other
words, as long as the signals being en-
crypted are not those that describe
missile characteristics regulated by
treaty provisions, the U.S.S.R. is not
impeding SALT 11 verification.

As in the case of most charges re-
garding the second of the SALT agree-
ments, the problem can be traced back
to SALT I. Accusations of Soviet telem-
etry denial were made in the 1970,
but the legal basis for the complaint
was weaker then. Although SALT 1 pro-
hibited deliberate concealment and
interference with national technical
means of verification if they imped-
ed compliance monitoring, no explicit
mention was made of telemetry.

Charges of deliberate impeding of
verification have also been made with
respect to shelters that have been erect-
ed over deployed strategic weaponry,
namely SS-25’s. Here again, this Soviet
practice had been critized before. A
vague clause is at the root of the mis-
understanding. The SALT treaties per-
mit “current construction, assembly,
conversion, or overhaul practices” to
continue in spite of the restriction
against compliance-hindering meas-
ures. The explicit exemption allowed

the Soviets to argue that their strategic
submarine construction and refitting
facilities could remain covered be-
cause they had been covered before
the saLT 1 Treaty was signed. As for
assertions that they also covered land-
mobile 1cBM launchers in contraven-
tion of saLT 1, the Soviets pointed
out that the agreement (apart from
an American unilateral statement) did
not mention this type of weapon sys-
tem and so they felt no obligation to
act as if it had. They also recriminated
that the U.S. had erected shelters over
its own I1CBM launchers. Nevertheless,
the U.S. officially filed a complaint on
both counts and the Department of
State later reported, somewhat enig-
matically, that “there no longer ap-
pears to be an expanding pattern of
concealment activities associated with
strategic weapons programs.”

The review of present and past al-
legations of misconduct makes it
clear that incontrovertible, provable
breaches of treaty provisions are not to
be expected from the U.S.S.R. From
the Soviet perspective it is much easier
not to sign an agreement than it is to
incur the consequences of manifestly
violating its provisions. Nevertheless,
it does appear that the U.S.S.R. ma-
neuvers perilously near the brink of
outright noncompliance, without (ex-
cept perhaps in the Krasnoyarsk case)
going demonstrably beyond the brink.
This kind of behavior can hobble prog-
ress on arms limitation, but it is pre-
cisely the conduct that should realisti-
cally be expected. The costs and risks
of outright cheating are usually exces-
sive, yet strategic imperatives are too

great not to attempt to tread the ex-
treme limits of the permissible.

From this point of view the relevant
question is not whether the Soviet Un-
ion engages in dubious tactics but how
close to the verge of unambiguous
noncompliance it will go and what de-
termines the degree of boldness in this
regard. Some general principles and
tendencies seem fairly apparent.

The U.S.S.R. can strain the integrity
of an arms-control agreement in two
ways. To begin with, it can engage
in an illegal activity that the U.S. can-
not positively identify as such; availa-
ble evidence might suggest a violation
without definitively proving it. In this
case uncertainty surrounds actual So-
viet behavior rather than the language
of the agreement. The other option is
to interpret a treaty provision in a way
that is both self-serving and contrary
to U.S. interests, but without violat-
ing the letter of the agreement. In ei-
ther case Soviet behavior is obviously
prompted by underlying political or
military objectives.

Alarge part of the Soviet Union’s
compliance brinkmanship may in
fact be perpetrated to gauge the state
of U.S. monitoring capabilities and to
test the limits of American forbear-
ance. Much superpower interaction is
in essence a probing game designed to
extract intelligence or to calibrate be-
havior according to expected response.
Several of the apparent SALT violations
are explicable in these terms. With re-
gard to sALT I, for example, the use
of the SA-5 radar to track missiles in
flight may have been intended to find
out how the U.S. defines “testing in an

U.S. NAVY SHIP Observation Island has a COBRA JUDY phased-
array radar mounted on the flat deck near its stern. The sophisticat-
ed radar collects intelligence data on flight tests of Soviet missiles.
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It, along with other devices such as photoreconnaissance satellites
and radio antennas, is a “national technical means” by which the
U.S. can monitor Soviet compliance with SALT treaty obligations.



ABM mode.” Similarly, the extensive
encryption of telemetry for the Soviet
Union’s fifth-generation 1cBM’s could
have had as one of its purposes the
assessment of the telemonitoring and
analysis capabilities of U.S. intelli-
gence. Indeed, exploratory probing of
this kind is an important facet of su-
perpower competition and is carried
out continually in other contexts, such
as when one side deliberately provokes
a response from the other by having
military aircraft loiter just outside the
other’s airspace.

More generally, however, Soviet ac-
tivity at the treaties’ margins has the
straightforward objective of either ob-
taining a military advantage or of off-
setting one achieved by the U.S. The
Krasnoyarsk radar is a case in point,
and it is particularly significant in that
it is the most convincing instance of a
direct breach of sALT obligations.

Early-warning radars are generally
a response to a perceived offensive-
missile threat. The Krasnoyarsk radar
may therefore have been built to re-
dress a strategic balance that had
threatened to tip in the U.S.’s favor
as Trident submarines are deployed
in the North Pacific. Because the ra-
dar is oriented toward the northeast,
it would be able to detect Trident
sLBM launches from the Bering Sea or
the Gulf of Alaska; it thereby closes a
vulnerable gap in Soviet early-warn-
ing-radar coverage. Even the U.S.
Central Intelligence Agency has ap-
parently recognized that the conten-
tious Soviet radar is not well suited for
ABM battle management and is most
probably intended to serve as an early-
warning sensor of SLBM attacks.

Nevertheless, because of its location
it probably violates the aBmM Treaty;
indeed, its location presents an enig-
ma. In principle the radar could have
been built closer to the northeastern
periphery, say near the Sea of Ok-
hotsk. An early-warning radar on the
seaboard would have met the condi-
tions of the treaty. Moreover, it would
have been able to detect incoming bal-
listic missiles sooner than a radar far
from the coast. Why then was the ra-
dar emplaced near Krasnoyarsk?

he Soviets have cited environmen-

tal necessity, and specifically the
absence of permafrost, to explain the
radar’s location. But this is not very
convincing: the Soviet Union does not
shy away from rough weather when
military interests are at stake. Another
explanation is that Krasnoyarsk is con-
veniently situated for major construc-
tion work: it is not far from the city
of Novosibirsk and is connected to
the nation’s transportation network
through a spur of the Trans-Siberian
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CRUISE MISSILE can elude prompt detection by flying below radar coverage. An early-
warning radar emplaced near the coastline is therefore much more vulnerable to a sea-
launched cruise-missile attack than it would be if it were inland, where the missile would
have to penetrate several layers of the nation’s air-defense system in order to reach the
radar. This military reason for placing an early-warning radar in the interior of the country
may explain why the U.S.S.R. is constructing such a radar near Krasnoyarsk in central
Siberia in spite of vehement U.S. accusations that it is thereby violating the ABM Treaty.

railway. Still, it is unlikely that mere
economic convenience would bring
the Soviets to expose themselves to
credible charges of cheating. The ra-
dar’s location, like its probable mili-
tary role, must also be understood in
its proper strategic framework.

One explanation might be found in
the radar’s ability to support a Soviet
launch-on-warning policy. Its proximi-
ty to missile launchers (it is within a
few hundred miles of three of the
U.S.S.R.’s six SS-18 1cBm fields and
near an SS-11 missile field and an SS-
20 missile field as well) would enable it
to give an unequivocal indication that
an enemy missile attack was aimed
at the nearby missile fields. It could
thereby provide a reliable basis for a
decision to launch the SS-18’s (and
perhaps the SS-20’s) before they were
hit. If that is the case, the Soviet
launch-on-warning strategy may have
stemmed from the reduced warning
time associated with the sLBM’s that
can be fired from Trident submarines.

Perhaps an even stronger reason for
the radar’s inland site is the growing
threat of U.S. submarine-launched
cruise missiles (sLcm’s). From the
Soviet point of view the most direct
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danger would come from the Toma-
hawk land-attack sLcm, which can be
equipped with a nuclear warhead or
with a 1,000-pound high-explosive,
conventional warhead. Because cruise
missiles can evade air-defense radar by
flying at low altitudes, they could be
used to destroy early-warning systems
in a surprise attack and thereby open a
“window” through which an sLBM as-
sault could then be launched. If, more-
over, this were done with the nonnu-
clear Tomahawk (and there would be
no reason to use a nuclear warhead
against a relatively small, vulnerable
and exposed target such as an early-
warning radar), the Soviet military po-
sition would be significantly weakened
at the very start of a military confron-
tation without transgression of the nu-
clear threshold. Such a move might
give the U.S. increased leverage during
a particularly volatile crisis. By estab-
lishing the radar near Krasnoyarsk,
Moscow may have wanted to deny the
U.S. such a strategic option.

None of this makes the radar’s loca-
tion any more legitimate under
the ABM Treaty. The point is merely
that such developments can only be
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understood when they are considered
in the complete matrix of Soviet-
American competition. Although the
U.S. has adhered more rigidly to a
strict interpretation of treaty obliga-
tions, it has also engaged in question-
able conduct of its own when strategic
imperatives have so dictated.

For example, projected improve-
ments in the Soviet submarine-mis-
sile force (particularly those resulting
from the Typhoon-class strategic sub-
marine, the SS-N-20 and SS-NX-23
sLBM’s and the SS-NX-21 sLcMm) may

account for the Government’s decision
to construct two new PAVE PAWS early-
warning radars at Goodfellow Air
Force Base in Texas and Robins Air
Force Base in Georgia. The former
will be 260 kilometers (160 miles)
from the Atlantic coast, the latter will
be 220 kilometers (140 miles) from the
Mexican border and twice that far
from the Gulf of Mexico. If these ra-
dars had been built closer to the coast,
they too would have been vulnerable
to a sea-launched-cruise-missile pre-
cursor attack of the kind that may
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CONTROVERSIAL “NEW?” MISSILES (color) have drawn charges of noncompliance
from both sides. The sALT 11 Treaty permits flight testing and deployment of only one new
intercontinental ballistic missile (1cBM). Modifications to an existing ICBM that stay within
§ percent of its original length, diameter, launch weight and throw weight (payload) are not
regarded as constituting the development of a new 1CBM. Both sides are taking advantage of
the option to deploy a single new type of 1cBM: the U.S.S.R. will deploy the SS-24 and the
U.S. will deploy the MX (Peacekeeper). The Soviet Union, however, has recently begun to
deploy another 1CBM, the SS-25. The U.S. maintains that this contravenes the SALT 11
provisions. The U.S.S.R. denies the charge on the ground that the SS-25 is actually a
permitted modernization of an earlier 1ICBM, the SS-13; it countercharges that the U.S., in
fact, has transgressed the treaty by undertaking the development of the Midgetman 1cBM. It
is not known whether the U.S. Government will treat the Midgetman as a modified version
of the Minuteman II 1CBM in an effort to remain within the bounds of the SALT 11 Treaty.
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have motivated construction of the ra-
dar near Krasnoyarsk.

Both new American radar installa-
tions could be considered in contra-
vention of the ABM Treaty not only
because of their “inland” locations
but also because their combined field
of view could cover as much as two-
thirds of the continental U.S. On these
grounds the U.S.S.R. has officially
charged the U.S. with a violation of
the treaty.

This is not the only instance where
the Soviet Union has pointed an accus-
ing finger at the U.S. In 1975 the Sovi-
ets objected that a U.S. radar on Shem-
ya Island in the Aleutian chain might
be a prohibited ABM radar. Washing-
ton’s response, that the radar was used
for space tracking and early warning,
was apparently accepted by Moscow.

The U.S. has also risked exposing
itself to charges of upgrading antiair-
craft systems for a potential ABM role.
In April, 1984, the New York Times re-
ported that the Patriot missile system
(a frontline antiaircraft weapon sys-
tem) was being endowed with the ca-
pacity to shoot down Soviet missiles.
While this may have been a response
to the Soviet SS-20 deployments in
western Russia, the practical differ-
ence between a capacity to destroy in-
termediate-range ballistic missiles and
ICBM’s is blurry.

Less ambiguous is the situation that
would be created with regard to SALT 11
(assuming a desire by both nations to
continue observance) if the U.S. goes
ahead with the single-warhead, Midg-
etman ICBM program. In that event
the U.S. would be contravening the
stipulation permitting only one new
ICBM: that option was expended with
the deployment of the MX (Peace-
keeper) icBM. The most flagrant dis-
regard of a treaty currently in force
would occur once operational testing
of the space-based systems implied
by President Reagan’s Strategic De-
fense Initiative (sp1) begins. Under the
terms of the ABM Treaty each party
is pledged not to develop, test or de-
ploy ABM systems or components that
are space-based. Laboratory research
on such systems is permissible, but
once actual testing begins the ABM
Treaty would be, by any reasonable
interpretation, violated.

The depth of the rivalry is such that
neither superpower is prepared to sac-
rifice major strategic objectives for a
strict adherence to arms-control trea-
ties. Because of their priorities, it is un-
derstandable that both sides frequent-
ly skirt the edges of the permissible.

One final consideration is that issues
of compliance and noncompli-
ance are very much colored by U.S.



politics. A changing alignment of in-
ternational political forces or shifts in
domestic political moods will make
what was once considered tolerable
appear unacceptable. For example, al-
though the same kind of compliance
issues that currently preoccupy the
Reagan Administration have been
brought up repeatedly since the first
SALT treaty was signed, both the Ford
and the Carter administrations were
satisfied with the Soviet record of
compliance.

In 1975 President Ford explained
that he had “investigated” the allega-
tions and concluded that the Soviets
“have not violated the SALT agree-
ments. They have not used any loop-
holes.” Somewhat more obliquely, the
State Department maintained in 1978
that, although the U.S. had raised ques-
tions regarding several Soviet activi-
ties, “in each case, the activities in
question ceased or additional informa-
tion has allayed the concern.”

More to the point, U.S. denuncia-
tions of the U.S.S.R. (and vice versa)
are part of the diplomacy of strategic
competition. For example, many ob-
servers have conjectured that the Ad-
ministration’s charges against the So-
viet Union are designed to provide it
with some immunity from accusations
of its own potential treaty violations
when components of the sp1 program
enter the stage of operational testing,
or if the Midgetman missile comes to
be deployed. Similarly, the U.S.S.R.
may have hoped to besmirch the arms-
control record of the U.S. by present-
ing the deployment of intermediate-
range, nuclear-capable Pershing II and
cruise missiles in Europe as a viola-
tion of the saLT 11 Treaty, in spite of
the fact that the treaty deals exclusive-
ly with weapon systems of interconti-
nental range. The Soviets based their
argument on an article in the treaty
that prohibits circumvention of the
treaty’s provisions “through any oth-
er state or states,” presumably allies.
By deploying intermediate-range nu-
clear weapons that can strike targets
in western Russia from bases in coun-
tries of the North Atlantic Treaty Or-
ganization, the U.S,, the Soviets main-
tained, has effectively gone around
the agreed-on numerical limits placed
on strategic weaponry.

The diplomatic leverage that the
formulation and timing of public
charges of superpower misconduct can
bring to bear is most recently illustrat-
ed by a report that the Soviets were
told in April of last year they might be
taken “off the hook” on the Krasno-
yarsk violation if they consented, as a
quid pro quo, to a redefinition of ABM
Treaty provisions that would allow
some spi-related tests to proceed be-

yond the laboratory stage. The Soviets
in turn suggested the Krasnoyarsk ra-
dar might be scrapped if the U.S. aban-
doned modernization programs for its
early-warning radars in Fylingdales
Moor in England and Thule in Green-
land—an offer the U.S. rejected.

Because the U.S.S.R. (and the U.S.)
will often hover near the edge
of noncompliance with arms-control
treaties, should one conclude that such
treaties are in the final analysis worth-
less? Not at all. The SALT agreements
do impose constraints on military
growth—loose constraints, but con-
straints nonetheless. From the time
SALT II was signed, the Soviet ICBM in-
ventory has remained nearly constant.
To allow for the deployment of new
weapons under SALT ceilings, between
1972 and 1985 the Soviets withdrew
1,007 land-based and 233 submatine-
based ballistic missiles from their ac-
tive missile inventory and dismantled
13 ballistic-missile submarines. With-
out these limits they could simply have
allowed the weapons to accumulate, as
they had done in the past. They have
also maintained a maximum of 10
warheads per 1CBM, which is considera-
bly less than the number they could
theoretically deploy. (The SS-18, for
example, can accommodate between
30 and 40 reentry vehicles.) Indeed, as
was stressed to the Senate Armed Serv-
ices Committee by Lt. Gen. John T.
Chain, Jr., former director of the State
Department’s bureau of politico-mili-
tary affairs, the U.S.S.R. might be in a
more favorable position than the U.S.
to move ahead in a renewed arms race
if the treaty limits were suddenly de-
clared void.

Because arms-control agreements
do make a difference, they should be
pursued. Yet in negotiating them care
must be taken to guard against self-
serving interpretations as well as the
kind of probing activity that under-
mines their effectiveness and whatever
political support they enjoy. How can
this be done?

The obvious solution is to call for
more precise specification of treaty ob-
ligations and for improved means of
verification. Certainly both are needed
to reduce the leeway for undesirable
behavior. Loopholes must not be left
open; for example, the matter of when
telemetry encryption impedes verifica-
tion should be clarified. In addition
one should try to go beyond current
national technical means of verifica-
tion; Moscow’s growing willingness to
accept a measure of intrusive verifica-
tion, such as on-site inspections, is en-
couraging in this respect. Still, there
are inherent limitations to both speci-
ficity and verifiability; in practice the
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problematic issues often concern the
most appropriate way of dealing with
objectionable but not demonstrably il-
legal activities.

It has become quite clear that little is
to be gained by the shrill incrimina-
tions and recriminations that are often
the preferred approach to East-West
relations. This may provide some sym-
bolic gratification, but histrionics and
bluster simply do not alter Soviet be-
havior. Soviet compliance appears to
have been no worse at the time of de-
tente than it was during the hard-line,
confrontational period of President
Reagan’s first term. The U.S. should
certainly try to thwart Soviet actions
that deviate from a reasonable view of
what existing agreements allow, but
just as the proper tone is not one of
self-righteous indignation, so the prop-
er forum for discussion is not, at least
initially, the public arena.

he appropriate setting for compli-

ance diplomacy is the Standing
Consultative Commission (scc), which
was established in 1972 specifically for
that purpose. Proceedings are confi-
dential (unless both parties agree oth-
erwise) and the commission meets at
least twice a year. It is credited with
having resolved a number of SALT 1
compliance issues under the Nixon,
Ford and Carter administrations.

The scc’s stock seems to have fallen
recently, and the commission would
clearly benefit from certain improve-
ments. On the other hand, compliance
diplomacy need not be exclusively
conducted by means of a standing
mechanism. Parallel diplomatic chan-
nels, which are free of procedural con-
straints and are responsive to the im-
mediate concerns of top decision mak-
ers, might also be needed. Just such a
“back channel” between then Secretary
of State Kissinger and Soviet Ambas-
sador Anatoly F. Dobrynin supple-
mented the formal SALT 1 negotiations.
A well-conceived, alternative line of
direct communication, designed to
iron out the most pressing compliance
problems, could be a useful comple-
ment to the scc.

Above all, arms-control agreements
should be placed in proper perspec-
tive. They are, like the arms race it-
self, primarily self-serving tools of
national interests. An airtight formu-
lation and an unimpeachable imple-
mentation are not realistic goals for
any arms-control agreement and
should not serve as criteria by which
such agreements are evaluated. The
benefits that arms-control treaties hold
for international security and govern-
mental budgets can be assessed only in
the light of the alternatives their ab-
sence would create.
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The Dynamics of Proteins

The molecules essential to life are never at rest; they would be

unable to function if they were rigid. The internal motions that

underlie their workings are best explored in computer simulations

by Martin Karplus and J. Andrew McCammon

The study of how proteins serve
the needs of a living organism is
a curious case in which a method
that yielded dramatic advances also
led to a misconception. The method is
X-ray crystallography, by which the
structure of protein molecules in a
crystal of the substance is determined
from the way the crystal diffracts, or
scatters, a beam of X-radiation. The
intrinsic beauty and the remarkable
detail of the structures obtained from
X-ray crystallography resulted in the
view that proteins are rigid. This creat-
ed the misconception, namely that the
atoms in a protein are fixed in posi-
tion. Most attempts to explain protein
function (for example, how proteins
act as enzymes, or biological catalysts)
have been based on the static struc-
tures. The specificity with which an
enzyme binds a particular molecule,
called its substrate, and the efficacy
with which an enzyme catalyzes a par-
ticular biochemical reaction have
been presumed to originate from com-
plementary interactions between a
substrate and a rigid enzyme—interac-
tions that were likened to the fitting of
a key into a lock. Cases in which the
conformation, or shape, of a protein
was known to change, as when the pro-
tein hemoglobin binds oxygen, were
generally treated as abrupt transitions
between otherwise static structures.
In the past 10 years this static view
of proteins has been undergoing a fun-
damental revision. It is now recog-
nized that the atoms in a protein mole-
cule are in a state of constant motion,
so that what the crystallographer finds
in a crystal is at best a representation
of a protein’s average structure. The
atoms in each protein molecule exhib-
it sizable high-frequency fluctuations
about this average. In brief, a protein
is dynamic: it is constantly changing
the details of its conformation. A crys-
tal prepared for X-ray analysis may
consist of some 1020 protein mole-
cules, yet it is highly improbable that
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at any instant of time even one indi-
vidual protein molecule has the aver-
age structure.

To be sure, the knowledge of the av-
erage atomic positions in a protein re-
mains immensely valuable: it serves
as a point of departure for attempts
to produce more nearly complete de-
scriptions of protein activity. The dy-
namic picture makes it possible to un-
derstand phenomena that cannot be
explained by the static model. The
descriptions of the dynamics are de-
rived from many sources; experimen-
tal techniques, including X-ray crystal-
lography, make important contribu-
tions. Theoretical approaches, howev-
er, have uncovered details of protein
motions far beyond what one could
ever hope to find by means of experi-
mental measurements. In some cases
computer simulations of the atomic
motions in a protein have shown that
the activity of the protein would be
impossible if the molecule were fixed
in its average structure.

he specific structure and fluctua-

tions of proteins enable them to ex-
ecute many of the tasks required for an
organism to function. For one thing,
all enzymes are proteins; that is, pro-
teins are the catalysts that speed up the
essential reactions of living systems
(including the synthesis of proteins
themselves) so that the reactions pro-

ceed at the required rates. Other pro-
teins serve to transport small mole-
cules, electrons and energy to the parts
of the organism where they are need-
ed. Many proteins have structural
roles; for example, they are constitu-
ents of fibrous tissue and muscle.
Because of their varied functions,
many different proteins are required.
A single-cell organism, the well-stud-
ied bacterium Escherichia coli, is
known to have 3,000 different pro-
teins, with many copies of some, so
that one bacterium may include about
a million individual protein molecules.
Each protein is made up of a specific
number of small units, the various
amino acids. Each of the 20 different
amino acids is characterized by a side
chain, a distinctive chemical group
that ranges in complexity from a hy-
drogen atom in the simplest amino
acid, glycine, to elaborate rings of at-
oms in the most complex amino acid,
tryptophan. In a protein the amino ac-
ids are linked together in a linear array
called a polypeptide chain. Proteins
commonly consist of from 50 to 500
amino acids, which corresponds to
some 500 to 5,000 atoms. The precise
sequence of amino acids determines
the average structure and other prop-
erties of the protein. In particular, the
balance of the attractive and repulsive
forces between the individual atoms of
which the amino acids are composed

MOTIONS OF A PROTEIN on a picosecond (trillionth of a second) time scale are illus-
trated by superposing seven positions of a myoglobin molecule seen at intervals of five
picoseconds in a molecular-dynamics simulation implemented on a computer. Like all oth-
er proteins, myoglobin consists of amino acids linked in a polypeptide chain (b/ue). The
chain is shown in a simplified version that includes only the position of the central carbon
atom of each amino acid. The chain is folded into a characteristic three-dimensional con-
formation, or shape; in myoglobin the conformation consists of eight segments called alpha
helixes, connected by short loops each made up of a few amino acids. The helixes move in
the simulation but retain their shape. The myoglobin molecule also contains a complex or-
ganic molecule called the heme group (orange). Myoglobin stores oxygen in muscle tissue
by binding an oxygen molecule to the iron atom at the center of the heme group. The com-
puter-graphics display, and others accompanying this article, were generated by John Kuri-
yan of Harvard University and the Massachusetts Institute of Technology by means of the
computer program HYDRA, written by Roderick E. Hubbard, now at the University of York.
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causes the chain of a globular protein
to fold in the characteristic way essen-
tial to its fluctuations and its functions.

The first step toward understanding
the role of atomic fluctuations in pro-
tein function is to determine the nature
of the fluctuations themselves. This in-
cludes the study of their magnitude
(how large they are), their probability
(how often they occur) and their time
scale (how long they take). The most
direct approach to protein dynamics is
to treat each atom in the protein as
a particle responding to forces in the
way prescribed by Newtonian phys-
ics, in accord with Newton’s equa-
tions of motion.

A simple analogy is the calculation
of the motion of a pendulum or a parti-
cle suspended by a spring. Given the
position and velocity of the particle
and also the magnitude and direction
of the force acting on it at a particular
instant, the position and velocity at
a slightly later time can be obtained
by extrapolation, or integration of the
equations of motion. The results are
accurate if the extrapolation interval,
called the time step, is small enough
so that the force at the new position is
not very different from the force at
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the original position. By repeating the
extrapolation procedure many times
(that is, by integrating Newton’s equa-
tions of motion over a longer time
period), the trajectory of the parti-
cle is obtained, in the form of a list
of positions and velocities at succes-
sive times, one position and velocity
for each time step.

he chemical bonds between atoms
along the polypeptide chain in a
protein are very much like springs.
There are also weaker forces between
nonbonded atoms, however, including
forces that prevent more than one
atom from occupying the same point
in space at any one time. Thus in a
protein consisting of many atoms the
total force acting on any one atom at
any given time depends on the posi-
tions of all the others. Not surpris-
ingly, the solution of Newton’s equa-
tions of motion for determining the
positions and velocities of all the at-
oms in a protein requires a high-speed
computer. Such calculations constitute
what is called a molecular-dynamics
simulation.
To begin the simulation one needs a
representative set of initial positions.
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SITES OF FLEXIBILITY in a polypeptide chain enable the chain to fold into the confor-
mation characteristic of the protein; the sites also facilitate the fluctuations the protein at-
oms make with respect to their average positions. The drawing depicts only the principal
atoms of a polypeptide chain. The backbone of the chain (black bonds) consists of carbon
and nitrogen atoms; the linkages called peptide bonds are rigid, whereas the intervening
bonds allow rotations (curved arrows). A side chain (colored bonds) is linked to each amino
acid’s central carbon atom. The side chains shown in detail also contain rotatable bonds.
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These are derived from the atomic po-
sitions available from X-ray-crystallo-
graphic data. The crystallographic po-
sitions cannot themselves serve as an
initial structure. Since they correspond
to an average structure, some of the
atoms are placed in positions not typ-
ical of any actual structure (for ex-
ample, two atoms may be too close
together). This structural distortion
can in turn result in large, unrealistic
forces on some of the atoms.

A procedure called dynamic equili-
bration overcomes this problem and
prepares the protein in a state with po-
sitions and velocities appropriate for
the start of its calculated trajectory. In
the equilibration procedure the crys-
tallographic positions of the atoms of
the protein (and of surrounding sol-
vent molecules one may want to in-
clude in the simulation) are adjusted to
relax the unrealistic forces. Then small
random velocities corresponding to a
given temperature (near absolute zero)
are assigned to the atoms. (The tem-
perature of a molecule is a measure of
the magnitude of its average atomic
velocities.) With this set of positions
and velocities and the values of the in-
stantaneous forces, the atoms are al-
lowed to move in accord with New-
ton’s equations of motion for 100 time
steps or so. Sets of successively greater
random velocities are then assigned
and again the atoms are allowed to
move, until the desired temperature
(room temperature, for instance) is at-
tained; the equilibration is completed
by having the system evolve sponta-
neously for a period of time by inte-
grating the equations of motion until
the average temperature and structure
remain stable.

The molecular-dynamics simulation
takes the equilibrated protein as its
starting point. Since the forces be-
tween atoms in the protein must
change only slightly in each successive
step of the simulation, the time steps
must be short compared with the time
scale of the fastest motions in the pro-
tein. A typical time step is on the order
of 10-15 second (one femtosecond).
The calculated positions and veloci-
ties of the atoms are stored on magnet-
ic tape for subsequent analysis and
graphic display. In a typical simulation
the trajectory traces the dynamics of
the protein through a period of about
10-10 second (100 picoseconds); new-
er, faster computers make simulations
spanning 10-9 second (one nanosec-
ond) or even longer feasible. (The lat-
ter, which require as many as a million
time steps, can consume several hun-
dred hours of computational time on a
supercomputer.) Fortunately many in-
teresting motions of a protein are fully
developed in 100 picoseconds or less.



Even in that short time the amount of
detail stored in a trajectory is prodi-
gious; in effect the computer puts the
researcher inside the protein.

he motions of the atoms in a pro-

tein, as revealed by molecular-dy-
namics simulations, tend to share cer-
tain characteristics that can be ex-
plained in terms of the basic structure
of proteins. Like most polymers, the
polypeptide chain that makes up a pro-
tein is flexible because many of the
strong bonds holding pairs of atoms
together are free to twist. The twisting,
or bond rotation, allows one part of the
polypeptide chain to move with re-
spect to another. As the polypeptide
chain twists and turns, its various side
chains move with it. The side chains
themselves have bonds around which
rotations can occur, imparting addi-
tional flexibility.

The flexibility of the polypeptide
backbone and of the side chains is
what enables each globular protein to
fold into its characteristic native, or
average, structure. Even in the folded
protein, however, the thermal energy
corresponding to the atomic velocities
at room temperature is sufficient to al-
low twisting motions. Such motions
are the primary source of the atom-
ic fluctuations in the protein. Since a
globular protein has its atoms packed
close together, the atomic fluctuations
are restricted. Nevertheless, the com-
bination of many small local motions
can produce large-scale, more global
displacements of one part of a protein
with respect to another.

Over short periods, say intervals of a
few tenths of a picosecond, the most
prominent fluctuations within a pro-
tein are the local motions in which
peptide and side-chain groups typical-
ly rotate through angles of from 20 to
60 degrees around the covalent bonds
linking the groups to the rest of the
polypeptide chain. There is usually lit-
tle coherence in these motions. Rotat-
ing groups are likely to collide with
neighboring groups, so that the motion
of each group is frequently interrupt-
ed. The motion of each group within
the protein is therefore somewhat like
that of a molecule in a liquid, where
collisions with solvent molecules slow
down the molecule (frictional drag)
and produce an erratic trajectory asso-
ciated with a “random walk,” or diffu-
sive Brownian motion.

Over longer periods of time, say sev-
eral picoseconds, the important fea-
tures of motion become less like those
in a liquid and more like those of a
solid. In particular, the forces main-
taining the native structure of the pro-
tein do not allow individual atoms to
move very far from their average posi-

MOLECULAR-DYNAMICS SIMULATION gives a detailed description of the motions
in a protein by treating the atoms composing the protein as Newtonian particles. The bonds
between the atoms are treated much like stiff springs; atoms that are not bonded together
interact through weaker forces. A simulation consists of a series of many small steps (10 —15
second in length) in which the position and velocity of each atom are calculated. Given the
positions and velocities at a time 7, and a method for determining the magnitudes and di-
rections of the forces acting on the atoms at that time, the positions and velocities after a
time step (#2) are obtained by solving Newton’s equations of motion. Calculations of the
forces at /3 make it possible to determine positions and velocities at time 73. Successive
recalculations yield the internal motions of a protein over periods as long as 10-° second.

tions. The solidlike motions tend to be
more collective than the local oscilla-
tions. They range from simultaneous
displacements of a few neighboring
amino acids to deformations of the
entire molecule. These motions are
damped to varying degrees by fric-
tional effects arising from collisions
between protein atoms and between
protein atoms and solvent molecules.
Nevertheless, the collective motions
that develop over periods of several
picoseconds tend to make the domi-
nant contribution to the overall ampli-
tudes of the atomic fluctuations in a
protein. The reason is straightforward:
owing to the tight packing of the pro-
tein’s interior, a typical atom cannot
move far unless its neighbors move
also. The largest motions occur at the
surface of the protein, where the pack-
ing constraints are less important. Indi-
vidual atoms in the interior of the pro-
tein may have fluctuations of up to
half an angstrom unit, a distance com-
parable to the radius of an atom. At-
oms at the surface may make excur-
sions as great as two angstroms.

ne globular protein in which mo-

lecular dynamics is important to
the molecule’s function is myoglobin,
the protein that stores oxygen in mus-
cle tissue. In whales, for example, a
large supply of myoglobin provides
the oxygen required throughout the
long periods when the animal is sub-
merged. Myoglobin is the first protein
whose structure was determined, by
John C. Kendrew of the University of
Cambridge. The myoglobin he sub-
jected to X-ray-crystallographic anal-
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ysis came from sperm whales whose
meat served as food in England dur-
ing World War II.

In general terms the workings of my-
oglobin are well understood. The ox-
ygen molecule stored in myoglobin
binds reversibly to the iron atom at the
center of a flat, complex organic mole-
cule called the heme group. The heme
group lies deep in the myoglobin mole-
cule, so that the surrounding, dense-
ly packed globular protein protects it
from water. (The water would oxidize
the heme group’s iron atom from its
ferrous state, Fe+2, to its ferric state,
Fe+3, in which it cannot bind oxygen.)
The packing, however, is so dense that
the oxygen cannot penetrate to the
heme. If the atoms in myoglobin were
fixed in the positions found in the X-
ray-crystallographic structure, myo-
globin would be useless: the time re-
quired for an oxygen molecule to bind
to the heme group or to get out again
when needed would be much longer
than a whale’s lifetime.

From what we have already said
about atomic fluctuations in proteins it
is possible to guess how the problem is
solved: the energy barriers preventing
oxygen from getting in and out of the
rigid protein are lowered by a combi-
nation of local motions. To explore
this possibility conceivable paths to
the heme group’s pocket in myoglobin
have been examined and the barrier
along these paths calculated both for
the rigid protein (that is, a myoglobin
molecule with the structure obtained
from X-ray crystallography) and for
a more realistic model in which the
structure can relax as the oxygen pass-
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es through the protein matrix. For all
the paths investigated the rigid protein
resulted in energy barriers of at least
100 kilocalories per mole. For barriers
of that magnitude the time required
for an oxygen molecule to enter or exit
would be many billions of years.

To simulate the possible fluctuations
that might open paths for oxygen to
get into or out of myoglobin, the mo-
tions of side chains that produce the
high energy barrier were considered.
For one particular path the side chains
of three amino acids (designated his-
tidine E7, threonine E10 and valine
E11) seemed to be the dominant ob-
stacles. By simulating the rotation of
each of these side chains the energy re-
quired to move them out of the way
has been determined. An energy of 8.5
kilocalories per mole suffices to open
the path so that the energy barrier for
the oxygen is decreased to about 5
kilocalories per mole. The total ener-
gy required is therefore reduced from
100 kilocalories per mole to about 14,
an amount on the order of magnitude
suggested by experiments that actual-
ly measure the energy barrier to oxy-
gen binding.

Finally, in order to examine the oxy-
gen motion in detail, a series of molec-
ular-dynamics trajectories was calcu-
lated for oxygen molecules starting at
the heme. Because each simulated tra-
jectory could be followed for only a
limited time, not all the oxygen mol-
ecules escaped; some remained in a
pocket near the heme and others ended
up somewhere else inside the protein.
Still, many did reach the outside. In a
typical path the oxygen molecule en-
countered a series of obstacles, each
with its own energy barrier. The oxy-
gen would spend a long time in a giv-
en energy “well,” moving about and
colliding with its walls. Then, when a
protein fluctuation significantly low-
ered the barrier of the well or the
oxygen was energized by collisions
with the protein atoms, or when both
happened simultaneously (the likeliest
possibility), the oxygen would move
rapidly over the barrier and into the
next well, where the process would
be repeated.

The complexity of each path and
the number of possible paths make it
likely that the motion of the oxygen
through the protein is diffusive in char-
acter. Once the oxygen crosses a barri-
er it does not necessarily move on to
the next one. Its direction may be ran-
domized by collisions and it may re-
cross the barrier in the wrong direc-
tion. The resulting behavior is a ran-
dom walk similar to that of a solute
molecule diffusing in solution.

The analysis of myoglobin suggests
that what happens in this globular pro-
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tein is of general significance. Ligands,
the molecules that bind to many pro-
teins, may be unable to enter or leave
the protein if the atoms in the protein
are constrained to occupy their aver-
age positions. In enzymes, therefore,
the fluctuations of side chains or oth-
er atomic constellations may often be
a prerequisite for substrates to enter
and bind and for reaction products
to leave.

Many important steps in the func-
tion of a protein take place over
relatively long periods of time: they
require periods of nanoseconds (10-?
second) to milliseconds (10-3 second)
or even longer. For example, the rate
of the reaction catalyzed by some en-
zymes is limited by the time needed for
certain groups of atoms in the enzyme
to shift from one conformation to an-
other, in which they can participate in
the catalysis. The actual shift, when it
occurs, is fast; the long time scale aris-
es because the atomic groups involved
in the transition become activated only
rarely. That is, the fluctuations that
make the transition possible are infre-
quent occurrences.

A conventional molecular-dynam-
ics simulation is of little use in the
study of activated processes; the infre-
quent occurrence of the conformation-
al transition makes it highly improba-
ble that it will take place in the interval
spanned by the simulation. Yet if one
knows roughly what displacements are
involved in the transition, it becomes
possible to study the process in de-
tail by means of a specialized simula-
tion method.

Such simulations are carried out in
two steps. First the magnitude of the
energy barrier to the transition is cal-
culated from a sequence of simula-
tions; these are of the conventional
type except that the simulated mole-
cule is constrained to move only within
a succession of limited regions that
take it along the path of the transition.
Then trajectories are calculated that
begin with the molecule in configu-
rations at or near the top of the bar-
rier. In this way the need to wait for
the chance occurrence of an activat-
ed molecule is eliminated. The trajec-
tories that emerge from these simu-
lations, together with the calculated
magnitude of the energy barrier, en-
able one to predict the rate of occur-
rence of the transition.

The application of this activated-dy-
namics method to some simple proc-
esses has yielded insights into the na-
ture of the local fluctuations involved
in activating a conformational tran-
sition. The transition we shall describe
(more as arepresentative of an activat-
ed process than as a transition that has
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an important biological role) is the ro-
tation of a tyrosine ring deep inside the
globular protein called bovine pancre-
atic trypsin inhibitor. As its name im-
plies, trypsin inhibitor can arrest the
activity of the digestive enzyme tryp-
sin by binding to the active site at
which trypsin catalyzes the cleaving of
protein molecules. For its part, the side
chain of the amino acid tyrosine in-
cludes six carbon atoms that form a
flat, hexagonal ring. The rotations of
the ring are of interest because they
have been studied experimentally, by
nuclear magnetic resonance. The tech-
nique of molecular-dynamics simula-
tion shows that the rotation has a col-
lective character in that it is preceded
by a displacement of a section of the
polypeptide chain that lies above one
face of the ring.

Displacement of the chain makes a
critical contribution to the rotation
mechanism. It moves atoms out of
the path of the ring, resulting in a sub-
stantial reduction in the energy barri-
er impeding the rotation. The ener-
gy required for the backbone distor-
tion is much smaller than that arising
from the repulsive contact between the
ring atoms and the undistorted back-
bone. Furthermore, the collective fluc-
tuation helps to initiate the rotation. It
opens a small volume into which the
ring can rotate in response to the col-
lisions it makes with the remaining
neighbor atoms. The resulting bias in
favor of rotation allows the ring to ac-
cumulate the rotational kinetic energy
necessary for surmounting the remain-
ing energy barrier.

In this way the occurrence of a sim-
ple conformational transition (the ty-
rosine rotation) is regulated by collec-
tive motions within the protein. Given
the close packing of the atoms in glob-
ular proteins, such transitions are like-
ly to be a common occurrence. Since
their rates are sensitive to relatively
large-scale features of protein struc-
ture, the transitions may provide a way
of regulating a protein’s activity. For
example, the binding of a small mole-
cule at one site on a protein may alter
the motions of the protein so as to
change the kinetics of a process at a
second site.

Al example of a protein where large-
scale motions are involved in en-
zyme activity is provided by liver al-
cohol dehydrogenase, the enzyme that
oxidizes ethyl alcohol and thus helps
to limit the intoxication brought on by
drinking wine or other spirits. (People
who lack the enzyme are abnormally
sensitive to alcohol.) The true role of
the enzyme is thought to be the cataly-
sis of some other biochemical reac-
tion, since evolution would seem to
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CHANNEL OF ESCAPE for an oxygen molecule bound to the
heme group of a myoglobin molecule is opened by the rotations of
three amino acid side chains. The top image shows the static struc-
ture of myoglobin determined by X-ray crystallography. There is
no path from the surface of the molecule (orange dots) to a pocket
inside the molecule just above the heme group (bl/ue). The pocket is
near the site where the heme group’s iron atom binds an oxygen
molecule. In the bottom image the side chains of three amino acids

(purple) have been rotated. As a result an escape channel opens.
The positions of the other backbone and side-chain atoms (green)
are unchanged in this simulation. If the structure of the myoglobin
molecule were rigid, so that the rotations of side chains were impos-
sible, an oxygen molecule might take billions of years to enter or
leave the binding site. Detailed simulations suggest that an oxygen
molecule encounters a succession of barriers, so that it moves in
a “random walk” much like that of a small molecule in a liquid.
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have had no reason to produce a de-
alcoholizing enzyme. In any case, liver
alcohol dehydrogenase exemplifies the
enzymes and other proteins, such as
immunoglobulins, that consist of two
or more domains connected by strands
of polypeptide chain, which may serve
as hinges. In many enzymes the cata-
lytic region lies between two globular
domains, so that access to the site is
regulated by hinge-bending deforma-
tions of the entire protein molecule—
deformations that separate the lobes
or bring them together. The rate at
which substrates are bound or prod-
ucts are released may therefore de-
pend on the dynamics of the domains.

Liver alcohol dehydrogenase is a di-
mer, amolecule consisting of two iden-
tical monomers, or subunits. In turn
each monomer has two lobeliks Jo-
mains. X-ray crystallography by arl
Brianden, Hans Ecklund and their col-
leagues at the University of "Jppsala
reveals that the monomer bas two con-
figurations. There is an open structure,
the so-called apoenzyme, in which the
lobes are spread apart, and a closed
structure, the holoenzyme, in which
the lobes are pressed together with a
coenzyme (an ancillary molecule that
participates in an enzymatic reaction)
bound to one of the lobes. In this case
the coenzyme is the electron-trans-

porting molecule called NADH. The
open structure provides a way for the
coenzyme to get to its binding site,
whereas the closed structure provides
an environment in which the substrate
and the coenzyme are protected and
the reaction can proceed efficiently
(the second lobe is the enzyme’s cata-
lytic domain). When the reaction has
taken place, an opening fluctuation
moves the domains apart, the reac-
tion product escapes and the enzyme
is ready to go through another reac-
tion cycle.

A a starting point for the examina-
tion of the opening and closing
fluctuations, it was assumed that the
two domains of a monomer of liver
alcohol dehydrogenase move like rigid
bodies connected by a flexible hinge.
The assumption can be tested by su-
perposing the open and the closed
crystal structures (that is, the apo and
the holo configurations). When the co-
enzyme-binding domains of the apo-
enzyme and the holoenzyme are made
to coincide, the positions of the atoms
in the catalytic domains differ by large
amounts. If, however, the catalytic do-
main in the apoenzyme is rotated rigid-
ly so that the hinge between the lobes
closes by about 10 degrees, most of
the atoms in the apoenzyme catalytic

HEXAGONAL RING of carbon atoms characterizes the side chain of the amino acid ty-
rosine (mmagenta), seen deep in the protein called bovine pancreatic trypsin inhibitor. The
image shows the bonds that establish the ring (magenta lines) and in addition the van der
Waals surface of the ring (magenta dots), which fits tightly into the protein’s static structure
(blue dots). In the rigid protein the tyrosine ring could not flip, or rotate by 180 degrees.
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domain become superposable on the
equivalent atoms of the corresponding
domain in the holoenzyme.

Nevertheless, the assumption of rig-
id rotation is a gross oversimplifica-
tion. A model incorporating the types
of interaction required to calculate the
forces for a molecular-dynamics simu-
lation shows that the holo-like configu-
ration produced by rigid rotation of
the apo catalytic domain has an energy
several thousand kilocalories per mole
greater than that of the apo structure.
This energy corresponds to an im-
mense barrier with respect to the avail-
able thermal energy—a barrier that
would prevent any rotation. The bar-
rier is introduced by neglecting the
small, local atomic fluctuations shown
to occur by molecular-dynamics sim-
ulations. For hinge bending to be pos-
sible at normal temperatures it is es-
sential that unfavorable atomic inter-
actions generated by the rotation be
allowed to relax.

One way of simulating a relaxed
hinge-bending motion is by an adiabat-
ic potential calculation. In this proce-
dure one domain in the liver alcohol
dehydrogenase monomer is rotated
with respect to the other by a small
amount, say one degree. The atoms in
the hinge region and in areas of contact
between the two domains are then al-
lowed to undergo positional fluctua-
tions that minimize the energy of the
rotated structure. A rotation by anoth-
er one-degree increment is then intro-
duced, and the minimization is repeat-
ed. The final result, accumulated from
a sequence of incremental rotations
and relaxations, is an evaluation of the
potential energy of the molecule as a
function of the hinge-bending rotation
angle. The energy curve covering the
range from the apoenzyme to the holo-
enzyme turns out to be rather flat; in
fact, the random Brownian motions of
the lobes of the molecule in solution at
room temperature would have enough
energy to produce spontaneous clos-
ings and openings, on a time scale of
nanoseconds.

The atomic displacements that con-
stitute the relaxation of the monomer
are, with few exceptions, smaller than
.5 angstrom; they are thus comparable
in size to the normal room-tempera-
ture atomic motions in a protein. They
take place, as described above, on a
picosecond time scale and are there-
fore far more rapid than the large-
scale hinge-bending motion itself. This
justifies the simulation technique: each
change in the rotation angle allows
ample time for the local relaxations
that are introduced by energy mini-
mization. The analysis of liver alcohol
dehydrogenase (and of several other
hinge-bending proteins that have been



FLIP OF THE TYROSINE RING in the interior of pancreatic tryp-
sin inhibitor exemplifies molecular processes in which random fluc-
tuations in a protein molecule make possible a sudden conforma-
tional transition. The field of view in this molecular-dynamics sim-
ulation includes the ring and also a part of the polypeptide backbone
that makes contact with the upper face of the ring, as is shown in
the preceding illustration. The ring is colored to aid in viewing its

rotation: its left edge is red and its right edge green. Its initial posi-
tion (1) is repeated for reference in subsequent steps of the simula-
tion (white hexagon in 2-6). Early in the simulation the backbone lifts
away from the tyrosine ring. This backbone fluctuation opens space
in which the ring can rotate; the ring’s collisions with its remaining
neighbor atoms tend to drive the rotation. The images span a time
of two picoseconds, during which a full 180-degree flip takes place.
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studied theoretically) makes clear the
important role of small, high-frequen-
cy fluctuations in facilitating some
larger and more collective motions of
proteins.

ne of the objectives of molecular-
dynamics simulations is to pro-
vide a detailed and quantitative de-
scription of how enzymes enhance the
rates of biochemical reactions. En-
zymes are thought to act by a combi-
nation of mechanisms. By binding the
reactants they bring them together;
moreover, enzymes can place charges
associated with the side chain of cer-
tain amino acids in positions to aid the
reaction, and so on. Still, no enzymatic
reaction is understood well enough so
that its rate can be predicted. The mo-
tions of the atoms composing the en-
zyme, the reactants and even the sol-
vent water molecules at and near the
active site of the enzyme are all likely
to have a significant influence on the
rate. In many enzymes the active site
remains accessible to solvent through-
out the reaction and water itself acts

as one of the reagents; in other en-
zymes (such as liver alcohol dehydrog-
enase) the solvent tends to be excluded.

In enzyme catalysis, as in chemical
reactions generally, atomic motions
clearly have an essential role. An ap-
proach based on molecular dynam-
ics should hence be very fruitful. The
computer simulation of an entire en-
zyme and its solvent would be an ineffi-
cient (and expensive) way to study the
localized dynamics directly involved
ina catalyzed reaction. Instead the mo-
lecular-dynamics simulation can be
restricted to a “reaction zone” that in-
cludes the active site and its neighbor-
hood, the substrate and the nearby sol-
vent molecules. The rest of the system
cannot be ignored. It is replaced by a
boundary region in which solvent mol-
ecules are kept from escaping by a
repulsive force and protein atoms
are constrained by forces that result
in their having the fluctuations they
would have if the simulation included
the entire protein. Moreover, the equa-
tions of motion for the protein atoms
and solvent molecules in the boundary
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region are modified to include Brown-
ian-type coupling terms that allow
these atoms and molecules to absorb
or release energy as if they were sur-
rounded by the rest of the system.

The boundary simulation method is
now being applied to a number of pro-
teins, including the enzyme ribonu-
clease, which cleaves ribonucleic acid
(RNA) by cutting between two nucleo-
tides, the units that make up a strand of
RNA. Indeed, simulations have been
done for the native enzyme (that is, for
ribonuclease with no substrate nucleo-
tides bound to the enzyme) and for
various intermediates along the reac-
tion path by which the enzyme cleaves
an RNA strand. One finding that has
emerged from the calculations con-
cerns the stability of the parts of the
structure of ribonuclease that are in-
volved in binding the substrate and by
that token are important in determin-
ing the specificity of the enzyme.

The simulations have shown, for ex-
ample, that a number of amino acids in
ribonuclease make a network of hy-
drogen bonds to the substrate; hydro-
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HINGE-BENDING MOTION of the enzyme called liver alcohol
dehydrogenase brings two lobes of the molecule together, providing
a protected environment for the chemical reaction catalyzed by the
enzyme. Simulations of the parts of the lobes that meet are shown,
in computer graphics prepared by Carl Brianden of the University
of Uppsala, for a hinge angle of 30 degrees (@), in which the hinge
is open, 0 degrees (b)) and —40 degrees (c), in which the hinge is
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closed. The angle of 0 degrees places the enzyme in the apo, or rela-
tively open, conformation observed by X-ray crystallography. The
simulations establish that if the hinge bending were rigid (black
curve in bottom chart), the bending motions would require much
more energy than the amount available at room temperature. If,
however, the atoms in the molecule fluctuate during the bending
(colored curve), the hinge-bending motions become quite possible.
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gen bonds are electrostatic linkages
between pairs of charged or partially
charged (polar) atoms that share a hy-
drogen atom. Some of these networks
involve the side chains of asparagine
67, glutamine 69 and asparagine 71
(which form the enzyme’s binding site
for the nucleotide called adenine) and
threonine 45 and serine 123 (which
form the binding site for the nucleotide
called cytosine). In the absence of a
substrate, water molecules occupy the
positions of the polar substrate atoms
in the binding sites and produce a net-
work of hydrogen bonds that mimic
the substrate interactions and stabilize
the positions of the binding-site amino
acids. Since the molecules move out as
the substrate comes in, the binding and
removal of solvent molecules must be
an intimate part of the reaction mecha-
nism, one that can best be investigated
by molecular dynamics.

A number of amino acids (for exam-
ple histidine 119 and lysine 41) appear
to be rather more flexible. Their rela-
tive positions in the native structure of
ribonuclease are maintained primarily
by a network of bridging water mole-
cules, stabilized by the net charges on
the side chains of these amino acids.
As a result the amino acids are com-
paratively free to be repositioned in
the presence of a substrate or a reac-
tion intermediate. In this way they pre-
sumably take part more efficiently in
the catalysis. A complete analysis of
the RN A-cleaving reaction catalyzed
by ribonuclease will require much
more work, but even the current re-
sults show the importance of supple-
menting X-ray-crystallographic data
with molecular-dynamics simulations.

he methodology and the results we

have outlined make the future of
molecular-dynamics simulations easy
to predict. A wide range of biologi-
cal problems involving proteins (not
to mention nucleic acids and the lip-
id molecules in cell membranes) are
ready for study. In coming years inves-
tigators should be able to learn how to
calculate the rates of enzymatic reac-
tions, the binding of small molecules
to large ones and many other biologi-
cally important processes. The role of
flexibility and fluctuations in the func-
tion of macromolecules will be under-
stood in much greater detail. It should
become possible to determine how par-
ticular solvent conditions and amino
acid sequences produce certain pat-
terns of protein fluctuations. Indeed,
as the predictive abilities increase, the
study of protein dynamics will have
application to practical problems in en-
deavors such as genetic engineering or
the effort to modify an enzyme to bet-
ter serve an industrial process.
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BOUNDARY SIMULATION METHOD eliminates the need to simulate an entire enzyme
in a “box” of water; instead one simulates the active site of the enzyme and introduces a
boundary region that confines the active-site water molecules and allows an exchange of
energy across the boundary between the active site and its surroundings. This computer
drawing, prepared by Axel Briinger of Harvard, shows the active site of the enzyme ribo-
nuclease and the essential water molecules (orange and white) at the active site. Shadows
on the active site and on the background suggest the remaining part of the enzyme, not
treated explicitly in the simulation. Water molecules observed in the simulation (colored
lines in bottom drawing) form a network of hydrogen bonds (colored dotted lines) connect-
ing charged side chains in the active site. In each bond a hydrogen atom is shared between
a water molecule and an amino acid. Such bonds help to maintain the shape of the site.
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The Quantized Hall Eftect

This variation on a classical phenomenon makes it possible, even

in an irregular sample, to measure fundamental constants with an

accuracy rivaling that of the most precise measurements yet made

been studied as intensively as the

physics of semiconducting mate-
rials. Semiconductors are key compo-
nents of the electronic devices that are
the hallmark of our era. In develop-
ing these devices, investigators have
learned how to grow nearly perfect
semiconductor crystals; how to modi-
fy the electronic properties of such
crystals by the addition of a few parts
per million of foreign atoms, and how
to understand so well the properties of
the modified crystals that they can in-
corporate them into circuit elements
whose thickness is measured in tens of
atomic layers and whose area is so
small that a million individual ele-
ments can fit on a chip measuring one
square centimeter.

It might seem unlikely, then, that in
the 1980’s semiconductor physicists
should have been caught by surprise
by the experimental discovery of a
dramatic new effect, so little anticipat-
ed that many months would pass be-
fore experts in the field could develop
a satisfactory explanation. In fact,
there have been two such surprises.

In 1980 Klaus von Klitzing, working
at the High Magnetic Field Labora-
tory of the Max Planck Institute in
Grenoble, made a discovery that was
to earn him the 1985 Nobel prize in
physics: he observed a phenomenon
that is now called the integral quan-
tized Hall effect. Two years later, in
an experiment at the National Mag-
net Laboratory in Cambridge, Mass.,
Daniel C. Tsui, Horst L. Stérmer and
Arthur C. Gossard of AT&T Bell Lab-
oratories observed a second remarka-
ble phenomenon, now known as the
fractional quantized Hall effect. As
their names imply, these effects have
much in common, but they require sig-
nificantly different explanations.

The quantized Hall effect, integral
or fractional, is actually a special case
of a more general phenomenon known
as the Hall effect. To observe the Hall

Few areas of modern science have

52

by Bertrand I. Halperin

effect, a planar sample of conductive
material is placed in a magnetic field
perpendicular to the sample’s surface.
Then, by means of electrodes at each
end of the sample, a small electric cur-
rent is made to pass from one end to
the other. (An electric current is simply
the motion of charged particles; in the
case of most solids the current-carry-
ing particles are electrons.)

Two measurements are then made.
To make one measurement, contacts
near both ends of the sample are con-
nected to a voltmeter, which measures
the voltage drop from one end of the
sample to the other, that is, in the di-
rection parallel to the flow of current.
(This is essentially a measure of the
difference between the energy of the
electrons entering the sample and the
energy of those that have passed
through it.) The other measurement is
made by a voltmeter attached to elec-
trodes positioned on opposite edges
of the sample in such a way that a line
drawn between the electrodes would
be perpendicular to the direction of
the current. This voltmeter measures
the voltage difference across the sam-
ple, in the direction perpendicular to
the current.

If there were no magnetic field, the
voltage difference perpendicular to the
current would be equal to zero. As the
American physicist Edwin H. Hall first
noticed in 1879, when there is a mag-
netic field perpendicular to the sam-
ple, a voltage difference occurs that is
in most cases directly proportional to
the strength of the magnetic field. The
voltage drop parallel to the current is
usually about the same whether or
not there is a magnetic field.

The voltage drop parallel to the cur-
rent and the voltage drop perpen-
dicular to the current are both directly
proportional to the amount of current
flowing in the sample. It is therefore
convenient to divide each of these volt-
ages by the amount of current flowing
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and thus obtain quantities that are in-
dependent of the current flow. The ra-
tio of the voltage drop along the sam-
ple to the current is just the ordinary
electrical resistance of the sample. The
ratio of the voltage drop across the
sample to the current flowing along it
is called the Hall resistance.

In his 1980 experiment von Klitzing
was studying the Hall effect in certain
devices in which the electrons free to
carry current are confined within a thin
layer. He found that when such de-
vices are cooled to within about a de-
gree of absolute zero and placed in ex-
tremely strong magnetic fields, the be-
havior of the ordinary resistance and
the Hall resistance was dramatically
different from the behavior described
by Hall. He had found the integral
quantized Hall effect.

The most striking difference be-
tween the integral quantized Hall ef-
fect and the normal Hall effect is that
the Hall resistance, instead of increas-
ing steadily and linearly as the strength
of the magnetic field is increased, ex-
hibits a series of plateaus. That is, there
are intervals in which the Hall resis-
tance appears not to vary at all when
the strength of the magnetic field is
varied. (Between such plateaus, the
Hall resistance does rise smoothly with
increasing magnetic field.) In addition,
in the same intervals of magnetic field
strength where the Hall resistance ex-
hibits plateaus, the voltage drop paral-
lel to the current seems to disappear
completely. That is, there is no electri-
cal resistance in the sample and cur-
rent flows from one end to the other
without dissipating any energy.

The vanishing electrical resistance
and the plateaus in the Hall resistance
are remarkable phenomena in them-
selves. The effect seems even more as-
tonishing when one examines the val-
ues at which the plateaus in the Hall
resistance appear. On each plateau the
value of the Hall resistance satisfies a
remarkably simple condition: the re-



ciprocal of the Hall resistance is equal
to an integer multiplied by the square
of the charge on the electron and divid-
ed by Planck’s constant, the funda-
mental constant of quantum mechan-
ics. Each plateau is characterized by a
different integer.

The fractional quantized Hall effect
found by Tsui, Stormer and Gossard
occurs only in devices that are excep-
tionally free from defects that inter-
fere with the motion of electrons. In
the fractional effect there are addition-
al plateaus where the reciprocal of
the Hall resistance is equal to a simple
fraction (rather than an integer) multi-
plied by the square of the charge on the
electron and divided by Planck’s con-
stant. In the original experiments the
observed fractions were 1/3 and 2/3.
More recent experiments have found
plateaus at levels that correspond to
such other fractions as 4/3, 5/3, 2/5,
3/5 and 3/7, but no plateaus have
been found at levels corresponding to
fractions with even denominators.

hat is most amazing about the
quantized Hall effect is its degree
of precision. Measured values of the
Hall resistance at various integer pla-

VOLTAGE DROP
PARALLEL
TO CURRENT
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teaus satisfy the simple relation I have
described with an accuracy of about
one part in six million—precisely the
accuracy with which the values of the
fundamental constants themselves are
known. That the Hall resistance in the
integral effect is precisely quantized
(in other words, that individual values
of the Hall resistance are equal to the
same quantity multiplied by different
integers) has been examined by deter-
mining the ratio of the Hall resistances
at different plateaus and ascertaining
that they are in the ratio of integers.
The experiments that have determined
such ratios are accurate to within one
part in 30 million.

The precision of the quantized Hall
resistance is particularly surprising be-
cause under normal conditions the
Hall resistance of a sample, like the
ordinary electrical resistance, is noto-
riously sensitive to such details as the
sample’s geometry, its processing his-
tory, the amount of impurity it con-
tains and its temperature at the time
of the experiment. The quantized Hall
effect, on the other hand, is the same
for samples with different geometries
and processing histories, and even for
those made of a variety of materials. It

VOLTAGE

TO CURRENT

is almost without precedent for any
property of a solid to be reproducible
from one sample to another at the lev-
els of accuracy attained by the quan-
tized Hall effect.

The integral and fractional quan-
tized Hall effects are found only in
semiconductor devices in which the
electrons that are free to carry current
are confined within a thin layer of the
semiconductor. There are two com-
mon devices that constrain electrons in
this way. In the original device studied
by von Klitzing, which is called a field-
effect transistor, a metal contact is
separated from a silicon substrate by
a thin layer of insulating material. A
voltage applied to the metal contact
can attract electrons to a thin layer just
under the surface of the silicon. (The
high-quality samples employed by von
Klitzing were constructed by Gerhardt
Dorda of the Siemens Research Labo-
ratory in Munich and Michael Pepper
of the University of Cambridge.)

The device in which the fractional
quantized Hall effect was first seen,
which is called a heterojunction, is an
interface of crystals made out of two
different semiconducting materials.
In a heterojunction, electrons from

AMOUNT OF CURRENT —

PERPENDICULAR

APPARATUS for measuring the Hall effect consists of a flat plane
of conductive material and devices for measuring voltages and cur-
rents. A measured amount of current (horizontal arrows) is made to
flow from one end of the sample to the other and a magnetic field
(vertical arrows) is applied perpendicular to the sample. Two volt-
ages are measured: the voltage drop from one end of the sample to
the other (which is essentially the difference in energy between the
electrons entering the sheet and those leaving it) and the voltage
perpendicular to the current, which is called the Hall voltage. In
the classical Hall effect the Hall resistance (the Hall voltage divid-
ed by the amount of current flowing) is directly proportional to the
strength of the magnetic field: it increases steadily as the magnetic

field strength is increased. In the quantized Hall effect, which is
seen when the electrons that carry current are confined to a thin
layer of a semiconductor device at low temperatures and in extreme-
ly strong magnetic fields, the Hall resistance shows plateaus: there
are intervals of magnetic field strength in which the Hall resistance
remains constant as the magnetic field is varied. Moreover, in those
intervals the sample’s electrical resistance (the voltage drop paral-
lel to the current divided by the amount of current) disappears com-
pletely, indicating that current flows through the sample without
dissipating any energy. The values of the Hall resistance on the
different plateaus are exactly the same regardless (within broad
limits) of the geometry or even the composition of the device.
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one semiconductor are attracted to
more energetically favorable |ocations
in the other semiconductor. The posi-
tive charge thereby created in the “do-
nor” semiconductor provides a force
attracting the electrons back, how-
ever, and they become trapped in a
thin layer at the interface of the two
crystals.

In both the field-effect transistor and
the heterojunction the current-carry-
ing electrons are free to move any-

where within the plane to which they
are confined. Motion perpendicular to
this plane, however, is almost com-
pletely impossible, and so for all prac-
tical purposes the layer of electrons
may be regarded as two-dimensional.
In experiments on the quantized Hall
effect this thin layer of electrons plays
the role the flat sheet of conductor
plays in normal Hall experiments.
Although the properties of two-di-
mensional layers of electrons have
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QUANTIZED HALL EFFEC.T appears as plateaus in the Hall resistance of a sample
(top), which coincide with the diisappearance of the sample’s electrical resistance (bottom).
On the plateaus the Hall resisttance does not change when the magnetic field strength is
varied. In contrast, in classical] experiments (color) the Hall resistance increases linearly
with increasing magnetic field sstrength and the resistance is constant. At each plateau the
value of the Hall resistance is )precisely equal to Planck’s constant (the fundamental con-
stant of quantum mechanics, dessignated by the letter /) divided by an integer multiple of the
square of the charge on the elecctron. The quantized Hall effect thus makes possible precise
measurements of fundamental aconstants and extremely accurate calibration of instruments.
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been studied thoroughly, the integral
quantized Hall effect was a great sur-
prise when it was discovered. Some as-
pects of the effect had actually been
predicted as an incidental result in a
paper on a related subject written in
1975 by Tsuneya Ando, Yukio Matsu-
moto and Yasutada Uemura of the
University of Tokyo, but the most im-
portant aspect, the extreme precision
of the effect, had not been expected
because the predictions were based on
a type of analysis that is in general only
approximately correct for the elec-
trons in real materials. For the frac-
tional quantized Hall effect there was
not even an approximate explanation
available at the time of its discovery.

Although there are now several con-
vincing explanations of the exactness
of the quantized Hall effect, it is not
possible to present in this article a
complete explanation of the fractional
or the integral quantized Hall effect.
Any such explanation would necessar-
ily be written in the highly mathemati-
cal language of quantum mechanics,
which is the basis for all modern de-
scriptions of phenomena on the atom-
ic scale. It is possible, however, to
give a partial explanation that incor-
porates many of the essential ideas and
that will at least make plausible the ex-
perimental results.

Essential to any exposition of the
Hall effect are such basic classi-
cal concepts as electric and magnet-
ic fields. An electric field is a field
that exerts a force on charged objects,
much as a gravitational field exerts a
force on massive objects. When a mar-
ble rolls down a hillside, it tends to roll
in whatever direction the hill is steep-
est; similarly, a charged particle in an
electric field generally feels a force in
the direction of the field lines.

Just as a gravitational field may be
created by a concentration of massive
objects, so an electric field may be cre-
ated by a concentration of charged
particles. The analogy can be carried
further: just as an object high on a hill
has a greater ‘“‘gravitational potential
energy” than an object in a valley, so
a charged particle may have a great-
er “electrical potential energy” than
a similar particle elsewhere in an elec-
tric field. The difference between the
electrical potential energy of simi-
lar charged particles at two different
points in space is called the voltage dif-
ference between those points.

Unlike an electric field, a magnetic
field exerts a force only on moving
charged particles. The magnitude of
the force exerted on a particle is direct-
ly proportional to the particle’s veloci-
ty and the strength of the magnetic
field. The direction of the force is per-



pendicular to both the particle’s direc-
tion of motion and the direction of
the magnetic field. A moving charged
particle in a magnetic field therefore
moves in a circle: at each instant the
magnetic field exerts a force perpen-
dicular to the particle’s motion, and
so at each instant the particle’s path
curves. The radius of the circular or-
bit is inversely proportional to the
strength of the magnetic field, so that
stronger magnetic fields hold particles
in smaller orbits.

Suppose a moving charged particle
is placed simultaneously in both an
electric field and a magnetic field. In
this case the particle follows a cycloi-
dal path: it moves in a circle around a
so-called guiding center, which itself
moves in a straight line [see illustration
on next page). It turns out that the guid-
ing center of the particle’s motion
moves in a line perpendicular to both
the electric field and the magnetic
field. In other words, it moves neither
up nor down the “hillside” of the elec-
trical potential energy. Rather, on the
average it tends to move horizontally
along the hillside, in the direction per-
pendicular to that of the slope.

The speed with which the guiding
center moves, called the drift veloc-
ity, is inversely proportional to the
strength of the magnetic field—when
the magnetic field is stronger, the parti-
cle’s motion is more circular and less
linear—and directly proportional to
the strength of the electric field; thus
the guiding center moves faster in re-
gions where the “incline” is steepest,
even though it moves along the slope,
not down it.

With these basic principles it is
possible to understand the classi-
cal Hall effect. Suppose a current of
electrons is flowing from left to right
on a finite sheet of metal that lies on a
plane parallel to this page. Now sup-
pose a magnetic field is applied per-
pendicular to the metal sheet. At first
the electrons will be pushed in a direc-
tion perpendicular both to their origi-
nal direction and to that of the magnet-
ic field: they will move toward the top
or bottom edge of the page. If elec-
trons cannot leave the metal except
through the contacts at the left and
right ends, they will accumulate at one
edge (top or bottom) of the sheet. This
accumulation of charged particles pro-
duces an electric field that points from
one edge of the metal to the other, and
so one edge will be at a higher voltage
than the other.

The electric field, in combination
with the magnetic field, impels elec-
trons to move in cycloidal paths in a
direction perpendicular to both fields:
from left to right. The voltage differ-
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SEMICONDUCTOR DEVICES in which the quantized Hall effect is observed hold cur-
rent-carrying electrons within a thin layer of semiconducting crystal. In a field-effect tran-
sistor (fop) electrons are attracted to the surface of a silicon crystal by a positive charge
applied to a metal contact called the gate electrode. Insulating material prevents the elec-
trons from entering the electrode, and they remain in a thin layer near the crystal’s surface.
In a heterojunction (bottom), an interface of semiconductors with differing electronic proper-
ties, electrons from one semiconductor are attracted to lower-energy states in the other. The
positive ions left behind attract the electrons back, however, trapping them in a thin layer.

ence between the two edges of the met-
al is therefore perpendicular to the di-
rection in which current flows.

If the strength of the magnetic field
is increased, then for a given amount
of current to flow (that is, for electrons
to continue to flow from left to right at
the same rate) the strength of the elec-
tric field—and the voltage difference
between the metal’s edges—must also
increase. The reason is that the “drift
velocity” with which the guiding cen-
ter of each electron’s cycloidal path
moves from left to right is inverse-
ly proportional to the strength of the
magnetic field and directly proportion-
al to the strength of the electric field.
Consequently when the strength of the
magnetic field is increased, more elec-
trons are deflected toward one edge of
the metal, creating a stronger electric
field and a greater voltage difference
between the edges. The voltage differ-
ence, which increases linearly with an
increase in the strength of the magnet-
ic field, is the classical Hall effect.

This kind of classical analysis will
not explain the quantized Hall effect,
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which is inherently a quantum-me-
chanical phenomenon. It is possible
to understand some aspects of the
quantized Hall effect, however, by
means of what is called semiclassical
analysis, a mixture of classical and
quantum-mechanical ideas that avoids
the mathematical complexity of a full
quantum-mechanical description. Al-
though a semiclassical analysis is not
fully reliable, it is nonetheless effective
as a guide that suggests the general
form of the quantum-mechanical an-
swer, and in fact it is often relied on for
this purpose by experts in the field.

n the classical case an electron in a
uniform magnetic field follows a
closed circular orbit. In quantum me-
chanics the energy of a particle in such
a closed orbit can have only certain
discrete values, just as an electron inan
atom can occupy only certain energy
levels. The energy levels of the two-di-
mensional motion of a charged parti-
cle such as that of an electron in a uni-
form magnetic field are known as Lan-
dau levels. There is no discrete set of
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energy levels for thick, “three-dimen-
sional” systems in a uniform magnetic
field, because the energy of the parti-
cle’s motion parallel to the magnetic
field, unlike that of its motion in the
plane perpendicular to the field, is not
quantized. It is therefore significant,
for the sake of this analysis, that the
actual physical system under consider-
ation consists of a thin, “two-dimen-
sional” layer of electrons.

In the classical case there are many
places within the plane where the elec-
trons’ identical circular orbits could
be centered without overlapping one
another. Likewise, in the semiclassi-
cal case there are a number of states
with the same energy that are indepen-
dent of one another. (For each state
there is a distinct “wave function,” a
mathematical description of the elec-
tron’s probable position.) Specifical-
ly, the number of independent states
per unit of area is directly proportion-
al to the strength of the magnetic field.
This is at least plausible, because in
the classical case a stronger magnetic
field confines the electrons to tight-
er orbits, and so more orbits can fit
in a given area without overlapping.
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It turns out that the constant of pro-
portionality between the number of in-
dependent states per unit of area and
the strength of the magnetic field de-
pends only on Planck’s constant and
the charge of the electron.

So far I have ignored an aspect of
the actual experimental system that
is very important in all properties in-
volving electrical conduction: the in-
fluence of impurities or defects in the
semiconductor crystal that holds the
thin plane of conduction electrons. Im-
purities play a particularly important
role in the ordinary electrical resis-
tance of metals and semiconductors.
Much of the energy dissipation that
characterizes resistance occurs when
electrons are scattered by collisions
with impurity atoms or defects in the
crystal lattice. Paradoxically, the pres-
ence of impurities is what leads to the
disappearance of electrical resistance
and the plateaus in Hall resistance that
constitute the quantized Hall effect.

In the presence of impurities the
many independent quantum states that
make up a given Landau level are no
longer precisely equal in energy. In a
semiclassical explanation one might

CYCLOIDS describe the motion of an electron in combined electric and magnetic fields. In
the absence of an electric field an electron in a magnetic field moves in a circle in the plane
perpendicular to the field (¢). When an electric field is applied, the electron follows a
cycloid: it moves in a circle around a guiding center that itself moves in a straight line. The
line followed by the guiding center is perpendicular to both the electric field and the mag-
netic field. The speed with which the guiding center travels is inversely proportional to the
strength of the magnetic field and directly proportional to the strength of the electric field;
when the electric field is stronger or the magnetic field is weaker (b—d), the electron’s mo-
tion is more linear and the guiding center moves with greater “drift velocity” (colored arrows).
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say, for example, that in certain of the
quantum states the electron is slightly
more likely to be found near an impu-
rity atom that has, say, an excess of
positive charge. (This would be the
case if the impurity atom were of an
element that tends to give up an elec-
tron when it is buried in a semicon-
ductor lattice.) Such states would be
slightly stabler than others in the same
Landau level and would have a slightly
lower energy. The single energy level
that makes up a Landau level in a pure
crystal is thus spread out, in the pres-
ence of impurities, into a band made
up of many distinct energy levels.

The various quantum states in each
energy band can be divided into three
general classes. The states near the bot-
tom of each band, that is, those of low-
est energy, are each localized in some
small region of the sample. An elec-
tron in such a state would never leave
that region. These low-energy local-
ized states occur at “valleys” in the
electrical potential energy, for exam-
ple in the regions around impurity at-
oms that have an excess of positive
charge. Similarly, near the top of the
band are high-energy localized states.
These are localized near “peaks” in the
electric potential, perhaps in the re-
gions around impurity atoms that have
acquired electrons and so bear an ex-
cess of negative charge.

Near the center of each energy band
are the so-called extended states, each
of which is spread out over a large re-
gion of space. The distinction between
localized and extended states is impor-
tant: because electrons in localized
states cannot move very far within the
sample, they cannot carry current [see
illustration on pages 58 and 59].

Taking into consideration one more
aspect of the actual experimental
system, the extremely low tempera-
tures at which the experiments are con-
ducted, will now make it possible to
give some explanation of the integral
quantized Hall effect.

At very low temperatures the elec-
trons in the sample take on the configu-
ration that has the lowest possible en-
ergy. According to the Pauli exclusion
principle, one of the foundations of
quantum mechanics, no two electrons
can occupy the same quantum-me-
chanical state. When the system is at
its lowest possible energy, then, each
available quantum state below a cer-
tain energy level contains exactly one
electron and each state above that lev-
el contains no electrons. The energy of
the highest filled energy level is known
as the Fermi energy.

When there is a voltage difference
between the two edges of the sample, it
is not actually possible to define a sin-



gle Fermi energy for the entire plane of
conduction electrons; the Fermi ener-
gy varies slightly from point to point.
In each region of space the states with
energies below the local Fermi level
are occupied and states above it are
empty. The voltage measured by a
voltmeter connected to two points on
opposite edges of the sample is actual-
ly a measure of the difference between
the local Fermi energies of the two
points; the difference between the local
Fermi energies represents the differ-
ence between the energies of the high-
est-energy electrons at each point.

Suppose a current is flowing along a
sample in a perpendicular magnetic
field and the Fermi level of the sam-
ple’s electrons is in the sub-band of lo-
calized states near the top of some
Landau band. In this case all the ex-
tended states and the low-energy lo-
calized states of the Landau band will
be completely filled, and some of the
high-energy localized states will be oc-
cupied as well. Now suppose that the
strength of the magnetic field is gradu-
ally increased and that at the same
time the current is continuously ad-
justed in such a way that the Hall volt-
age between the sample’s two edges re-
mains constant.

Because the number of independent
quantum states per unit of area is di-
fectly proportional to the applied mag-
netic field, as the magnetic field in-
creases, the number of independent
quantum states in each Landau level
increases proportionately: in every re-
gion of space within the sample, addi-
tional quantum states that have rough-
ly the same energy as neighboring
states become available.

Many of the newly available states
will be below the local Fermi level,
and so electrons from higher-energy
occupied states will drop down to fill
them; these electrons will in general
come from the high-energy localized
states that are near the Fermi level. As
these states are vacated the Fermi lev-
el—the energy of the highest occupied
state—descends to a lower position
within the Landau band [see illustration
at right]. As long as the Fermi level
remains in the sub-band of high-ener-
gy localized states, all the extended
states within the Landau band remain
fully occupied.

Because an electron trapped in a lo-
calized state cannot move through the
sample, the changing fraction of local-
ized states that are filled has no effect
on the sample’s large-scale electrical
properties. The amount of current
flowing in the sample therefore re-
mains constant as long as the sub-band
of extended states is completely filled:
although the increased magnetic field
slows the forward motion of any cur-
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ENERGY LEVELS available to an electron confined in a two-dimensional layer in a per-
pendicular magnetic field determine the layer’s large-scale electrical properties. In a layer
in an ideal crystal (a) an electron can exist only in states that have certain energy levels,
called Landau levels. In real crystals, which always contain impurities, each Landau level is
spread into a band of energy levels (b); states in the same Landau level, which had once had
equal energies, come to have slightly different energies because in some states the electron
is closer to an impurity atom. The energy levels are of two types: localized states (color), in
which the electron is bound in the vicinity of an impurity atom or defect, and extended
states, in which the electron can roam over a large area of the crystal. Localized states can
have high or low energies, depending on the charge of the impurity producing them. Only
electrons in extended states can carry current, and so the crystal’s electrical properties are
determined by the electrons in extended states. Because of the Pauli exclusion principle,
each state may contain no more than one electron. At very low temperatures every state be-
low a certain energy, the Fermi energy, is occupied (shaded region) and every state above it
is empty. When the strength of the magnetic field is increased, there are more states in each
Landau band, and electrons drop (broken lines) into states with lower energies (c). The Fermi
energy thereby drops to a lower position within the Landau band or to a lower Landau band.
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rent-carrying electrons, this effect is
precisely canceled by the increase, due
to the newly created extended states, in
the number of electrons available to
carry current.

Since the Hall voltage is being held
constant, the fact that the current does
not change as the magnetic field is var-
ied implies that the Hall resistance (the
Hall voltage divided by the amount of
current flowing) also remains constant.
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(An equivalent experiment, in which
the current is externally held constant
and the Hall voltage is measured, can
also be performed; in this experiment
the Hall voltage, and hence the Hall
resistance, remains constant whenev-
er the Fermi level is in the sub-band
of localized states.) Whenever the Fer-
mi level is in the sub-band of local-
ized states, then, the Hall resistance
remains the same even when the mag-
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netic field is varied. This is the pla-
teau in Hall resistance that is charac-
teristic of the quantized Hall effect.

Eventually, as the strength of the
magnetic field is increased, the
supply of electrons in the high-energy
localized states will be exhausted and
the Fermi level must drop into the sub-
band of extended states. As the Fermi
level descends through the sub-band
of extended states, some of them are
vacated. Because the current-carrying
sub-band is then only partially occu-
pied, the amount of current flowing de-
creases and the Hall resistance there-
fore increases. The Hall resistance
continues to increase when the mag-
netic field is increased, as long as the
Fermi level remains in the sub-band of
extended states.

If the magnetic field is increased fur-
ther, eventually the extended states
within the Landau band will all be
emptied, and the Fermi level will once
again enter a sub-band of localized
states: the low-energy localized states
at the bottom of the Landau band. If
there is at least one full Landau band
below the Fermi level, the extended
states in that band will be able to car-
ry a current and the quantized Hall
effect will once more be observed. Be-
cause the extended states of one Lan-
dau band have been completely emp-
tied, however, the number of sub-
bands of occupied states has been
reduced by one; the electric current is
therefore reduced in precise propor-
tion to the number of occupied sub-
bands of extended states, and the Hall
resistance is accordingly larger than it
was on the previous plateau.

In this model it is easy to under-
stand why the ratio of Hall resistances
at any two plateaus should equal a ra-
tio of integers. The reason is that for
any given Hall voltage the current is

GEOMETRIC REPRESENTATION of
the energy of electrons confined to a two-
dimensional layer in a strong magnetic field
illustrates the difference between localized
and extended states and explains the quan-
tized Hall effect. The vertical axis repre-
sents the energy, within a small section of a
sample, of electrons in two Landau bands.
Peaks and valleys in the electric potential
are due to impurities spaced randomly with-
in the sample. Electrons move in cycloidal
paths parallel to contour lines (lines of con-
stant electric potential); hence closed con-
tours around peaks and valleys indicate
localized states, in which electrons orbit
within a small region of space, and open
contours indicate extended states, which
may stretch from one end of the sample
to the other. At low temperatures electron
states whose energy lies below the local
Fermi level (colored plane) are filled (shad-



directly proportional to the number
of occupied sub-bands of extended
states, and on each plateau an integral
number of such sub-bands is filled.

If the magnetic field is increased still
further, the Fermi level will move
down through the regions of localized
states at the bottom of one Landau
band and into the high-energy local-
ized states at the top of the next Lan-
dau band. The Hall resistance will re-
main constant at its new plateau value
until the Fermi level reaches the region
of extended states in the middle of this
next Landau band.

The second striking feature of the
quantized Hall effect is that current
flows through the sample with no re-
sistance, that is, without dissipating
any energy. This feature can be ex-
plained by the principle of conserva-
tion of energy.

o dissipate power an electron must
make a transition from one ener-
gy state to a state of lower energy, dis-
sipating the excess energy as vibration-
al energy, or heat, within the crystal
lattice. Because two electrons cannot
occupy the same quantum-mechani-
cal state, the new state into which the
electron falls must be one that was pre-
viously empty. If the Fermi level is in
the sub-band of energies correspond-
ing to the extended states, an electron
can find itself in an extended state that
is below the local Fermi energy in one
region of space but that extends into a
region where its energy is above the lo-
cal Fermi energy. In that region there
may be states with energies between
the energy of the electron’s state and
the local Fermi energy. The electron
would then be able to drop into one of
those states.
In particular it could happen that an
electron enters the sample in a region
where the local Fermi energy is high

ed region) and others are empty. The sur-
faces of electron energy and the local Fermi
level are tilted from the horizontal because
of a voltage difference (the Hall voltage) be-
tween the two edges of the sample. When
the Fermi level is in a region of localized
states (a), the quantized Hall effect occurs:
the Hall resistance (the Hall voltage divid-
ed by the current flow) is not affected by
small changes in such parameters as the
strength of the magnetic field or the number
of electrons in the layer. For example, a
small change in the Fermi level would not
change the Hall resistance because it would
not affect electrons in the extended, cur-
rent-carrying states. When the Fermi level
is in a region of extended states (b), on the
other hand, a small change in its height does
indeed affect the current flow by emptying
or filling some of the extended states, and
the quantized Hall effect does not occur.

and exits from the sample in a region
where the local Fermi energy is lower.
Such an electron might drop into a
lower level as it passes through the
sample, exiting with less energy than
it had on entering, having dissipated
some of its energy as heat. The sam-
ple would thus exhibit electrical resis-
tance: electrons would lose energy as
they passed through it.

If the Fermi level is within the ener-
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gy levels corresponding to the local-
ized states, however, the sample can-
not exhibit electrical resistance. The
electrons with the highest energy—
those whose energy is near the Fermi
level—will all be localized in very
small regions of space. In those regions
all the unoccupied states must have
energies higher than the local Fermi
energy. There may be empty states of
lower energy in some distant part of
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EXPERIMENTAL DEVICE (a heterojunction) for measuring the quantized Hall effect
has irregular features and imprecise geometry, yet it produces results that are accurate to
within about one part in six million (the same accuracy with which the fundamental con-
stants of electromagnetism and quantum mechanics are known). The most astonishing as-
pect of the quantized Hall effect is that, within broad limits, the extreme accuracy of the ex-
perimental results is independent of the shape, purity or processing history of the sample.

the sample, but it is impossible for the
electron to make a transition between
localized states that are far apart in
space. The electrons therefore cannot
drop into states of lower energy, and
so they cannot dissipate energy.

This explanation of the absence of
ordinary resistance presupposes one
important condition: that there exists
at least one Landau band, below the
Fermi energy, that has occupied ex-
tended states. These states carry the
current that passes without dissipa-
tion. If the Fermi level descends until
all the states below it are localized, no
current will be able to flow and the
sample will act as a perfect insulator,
not a perfect conductor.

The localized states created by the
presence of impurity atoms and de-
fects are crucial to this explanation of
the quantized Hall effect. The local-
ized states act as a reservoir for elec-
trons, so that, for a range of magnetic
field strengths, the extended states in
each Landau band are either com-
pletely empty or completely filled.
Without such a reservoir the resistance
would vanish only when there were
precisely enough electrons present to
fill a Landau level and there would be
no plateaus at all in the Hall resistance.

he argument I have given so far

represents a plausible explanation
of the integral quantized Hall effect,
but the fractional quantized Hall ef-
fect is much more difficult to explain.
The integral effect is seen most readily
when an integral number of Landau
levels are filled. The fractional effect,
on the other hand, is seen only when a
Landau level is partially filled. For ex-
ample, a plateau on which the recipro-
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cal of the Hall resistance is equal to
one-third of the square of the elec-
tron’s charge divided by Planck’s con-
stant is seen when the lowest Landau
level is approximately one-third full.

Even a completely quantum-me-
chanical treatment of the model I have
adhered to so far—that of independent
electrons moving under the influence
of electric and magnetic fields—shows
no special stability when a fraction of
the available states are filled. To ex-
plain the fractional quantized Hall ef-
fect it is necessary to take into account
the mutual interactions of electrons,
and this means one must apply a quan-
tum-mechanical wave function that
depends simultaneously on the posi-
tions of all the particles in the system.

The most important breakthrough
in understanding the fractional quan-
tized Hall effect came in 1983, when
Robert Laughlin of the Lawrence
Livermore National Laboratory con-
structed a wave function that had the
required stability when the fraction of
filled states had such values as 1/3,
1/5, 1/7, 2/3, 4/5 or 6/7. Each of
these fractions is equal to 1 divided by
an odd integer or it is equal to 1 mi-
nus such a fraction. The importance of
thisdevelopment is underscored by the
fact that the wave functions construct-
ed to explain the fractional quantized
Hall effect are radically different from
any wave functions previously encoun-
tered in physics.

The denominator is odd in each of
the stable fractions in part because of
a quantum-mechanical requirement
that is related to the Pauli exclusion
principle but concerns a component of
the wave function called its phase, for
which there is no classical analogue.
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After Laughlin’s original work, oth-
er theorists, including Laughlin and
Duncan Haldane, who was then at the
University of Southern California, and
I were able to propose wave functions
that are stable for other fractions hav-
ing odd denominators, such as 2/5,
2/7 and 3/7.

An interesting theoretical prediction
resulting from Laughlin’s analysis is
that if one adds an extra electron to a
system in which the Landau level is
already one-third full, the extra charge
should appear in three separate places
in the sample. Precisely one-third of
the charge on the electron should ap-
pear in each place. Similar fractional
charges should appear if one adds or
removes electrons at any of the frac-
tional quantized Hall plateaus. The
fractional charges are called quasipar-
ticles, and they are expected to behave
very much like charged particles.

In the fractional quantized Hall ef-
fect it is the states of the fractional-
ly charged quasiparticles, rather than
those of electrons, that are localized by
the hills and valleys in the potential
that exist in the region of impurity at-
oms or defects. The localized states
then act as the reservoir that maintains
a constant Hall resistance for a finite
range of magnetic field strengths.

t is rather unlikely that the quantized

Hall effect will ever be employed
in a device of great economic signifi-
cance. The need for extremely strong
magnetic fields and extremely low
temperatures adds an expense that
rules out most practical applications.
Investigators will surely take advan-
tage of the Hall plateaus in the labora-
tory, however, as precise standards of
electrical resistance; in addition the
quantized Hall effect will probably be
incorporated into experiments estab-
lishing more precise values for the fun-
damental constants of quantum me-
chanics, electricity and magnetism.
When they are combined with other
measurements, these experiments may
lead to more stringent tests of the fun-
damental theory of electromagnetic
interactions, complementing tests of
that theory carried out with high-ener-
gy accelerators.

The true importance of the quan-
tized Hall effect does not lie in any of
these applications, however, but rath-
er in the new insight physicists have
gained into the peculiar properties of
systems of electrons in strong mag-
netic fields and into the hidden reg-
ularities implied by the mathematical
laws of quantum mechanics. There is
also value in the reminder that nature
may well hold in store other surpris-
ing states of matter that none of us
yet imagine.



DODGE LANCER
5/50 PROTECTION, STANDARD.

sage center, gauge

Forget everything you've
previously believed about
sedans: Big on the outside
Soft on the inside. And never

ending stops at the pump. No

more. Because the sedan has
changed... Into a sophis-
ticated, street-wise performer
named Dodge Lancer:

Lancer was designed with
a new regard for the fun of
the road. And a disregard for
the commonly held notion
that performance precludes
practicality.

First, the fun.

Lancer ES. Seating: Deep
reclining buckets with lateral
support. Instrumentation:

alerts, you name it. Radio:

AM stereo/FM stereo, stan- tion Plan, standard’
dard. Handling: Front-wheel Price: From $9,426; as
drive, precision balanced sport  shown, $11,440*
suspension, and quick-ratio Compare Lancer to ather
power steering. Power: Dodge's  sedans that promise practical-
renowned 2.2 liter EFI ity and performance. Lancer
engine, standard. Dodge's offers more overall room,
brand new 2.5 liter EFIl engine, better standard highway mile-
aoptional, Even more power: age, and a longer warranty than
Available Turbo Sport Package Mazda 626, Honda Accord, or
it can get you from zero to Pontiac 6000, Plus, Lancer
fifty in a brisk 5.7 seconds. offers more turbo power than
As for practicality. .. Mazda 626 — an option the
Room: Seating for five. Or other two don't even offer
seating for two plus 42 cubic Dodge Lancer. The practical
feet of cargo room compli seclan with the heart of a

ments of a rear lift
back and split folding
rear seats. EPA MPG:
35 est. highway mpg
= AER TR €
and 25 est. city mpg.
Warranty: 5 vear
50.000 mile Protec

sports car. Buy or
iease”™ one al your
Dodge dealer. After
all, how often do you
get a chance to buy
or lease two cars for
the price of one?

MVISION OF
CHRAYSLER CORPORAYION

AN AMERICAN
REVOLUTION

© 1986 SCIENTIFIC AMERICAN, INC




SCIENCE AND THE CITIZEN

Coping and Hoping

acing the budget-cutting impera-
F tives of the Gramm-Rudman Act
and the steep tilt of the Reagan

Administration’s 1987 budget toward
military research, those government
agencies, universities and private labo-
ratories that rely on Federal support
for nonmilitary research and develop-
ment are casting about for ways to
cope with straitened circumstances.
As they do so they hope attitudes in
Congress toward the Administration’s
budget and certain trends in the econo-
my may make their task easier.

Under the Gramm-Rudman Act,
which calls for the Federal budget to
be in balance by 1991, the deficit for
fiscal 1987 must not exceed $144 bil-
lion. The current estimate for fiscal
1986 is $220.5 billion, minus $11.7 bil-
lion to be carved off by the first stroke
of the Gramm-Rudman ax. To travel
the rest of the way to $144 billion the
Administration has proposed to termi-
nate about 40 programs for 1987 and
to make sharp cuts in many others.

A casual look at the budget suggests
that science and technology will es-
capetheax. The 1987 budget proposes
an increase of about 16 percent (from
$54 billion in 1986 to $63 billion in
1987) in R&D programs. A look at the
details, however, reveals a massive in-
crease for military R&D, a significant
increase for the physical sciences and
engineering and cuts for virtually ev-
erything else except some programs in
such fields as physics and computer
science that are sheltered by the Ad-
ministration’s Strategic Defense Initia-
tive umbrella. Most severely affected
by the cuts are biomedical, energy,
environmental and earth-science pro-
grams. The result is that military R&D
would absorb about 73 percent of the
total R&D budget.
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Investigators in vulnerable fields are
hoping for help from fate. One hope is
that the law itself may be declared un-
constitutional. A three-judge panel of
the U.S. District Court has already
ruled to that effect, and the U.S. Su-
preme Court is expected to review the
decision this spring. It is also possible
Congress will revise the budget, shift-
ing funds to nonmilitary programs.

Other developments can be dis-
cerned that could close the gap be-
tween Federal income and outgo, less-
ening the need to reduce the deficit by
large spending cuts. One is the possibil-
ity that Congress will enact a tax in-
crease in spite of the Administration’s
strong resistance. Another is that inter-
est rates will go down; interest pay-
ments on the national debt now absorb
20 percent of the Federal budget. A
third prospect is that the decline in
oil prices will stimulate the economy,
thereby increasing the Government’s
tax revenues. The decline will at least
reduce Federal expenditures: the De-
partment of Defense alone buys some
200 million barrels of oil per year.

What can the R&D community do if
none of these things happens? Robert
Rosenzweig, president of the Associa-
tion of American Universities, pointed
out that because of the decline in inter-
est rates and other factors, the across-
the-board cuts Gramm-Rudman will
require for fiscal 1987 are now esti-
mated at 8 percent, which is signifi-
cantly lower than earlier estimates.
“The R&D community can absorb a
cut of that magnitude for a year,” he
said. “The question is the duration of
that kind of constraint.”

Don I. Phillips, executive director of
the National Academy of Science’s
Government-Industry-Research
Roundtable, says, “Gramm-Rudman
or not, the budget is going to be tight
for several years.” Mere belt tight-
ening will not be enough, he warns.
“What is necessary is a rethinking of
R&D activities with the aim of finding
how to do more with less.”

In Challenger’s Wake

he explosion of the space shuttle

Challenger has put in question not
only the future of the U.S. shuttle pro-
gram but also the fate of a number of
important space-science experiments.
Indefinite delays confront the 13 shut-
tle flights that had been planned for the
remainder of this year. When a launch-
pad fire destroyed Apollo I in 1967,
killing the three astronauts aboard, 18
months passed before the manned
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space program resumed. If as much
time elapses now, 20 or more missions
could be postponed or canceled.

Several of the scientific missions
face critical time constraints. Exam-
ples include the Ulysses and Galileo
probes, which respectively are to ex-
plore the polar regions of the sun and
the atmosphere of Jupiter. The space-
craft were to have been launched in
mid- May; they will not be able to carry
out their assignments again until June,
1987. Since the maximum separation
of the two launchings is roughly five
weeks, the remaining shuttle fleet (Co-
lumbia, Discovery and Atlantis) might
not even be able to accommodate both
missions in any given year. Either Gali-
leo or Ulysses might have to wait until
1988 or later.

The Hubble Space Telescope was
scheduled for a launch in October and
may also be affected. The telescope
would detect electromagnetic radia-
tion ranging from the far ultraviolet
through the visible to the far infrared.
Since the instrument would orbit the
earth, the timing of its launching is not
so critical.

Because of their size and weight,
Ulysses, Galileo and the telescope were
designed to be launched from the shut-
tles. Little can be done, therefore, to
expedite their missions. It is possible,
however, that many of the commercial
satellites scheduled for launching by
the shuttle fleet could be placed in
orbit by other means. Unfortunately
the likeliest candidate, the European
Ariane launcher, is booked for the
next two years. Even conventional un-
manned rockets require roughly three
years to build. Over the next few years
private U.S. launching companies
might be able to take up some of the
slack, but it seems unlikely that they
can move soon enough to fill the void
left by Challenger.

The military will also suffer. It is be-
lieved payloads carrying equipment
related to the Strategic Defense Initia-
tive were slated for July and August,
and a photoreconnaissance satellite
was to have been put in orbit in De-
cember. Although two years ago the
Department of Defense began devel-
oping expendable rockets capable of
carrying the large payload of a shuttle,
none of these will be ready before
1988. If and when the shuttle program
resumes, the Pentagon can (by a poli-
cy set by President Reagan in 1982)
“bump” civilian payloadsif it chooses.

Close to a year ago the National
Commission on Space was directed to
prepare a national agenda for space



The Third Encounter

Launched in 1977, Voyager 2 made close encounter with Jupiter in 1979 “There's only one”
and Saturn in 1981. The third encounter, with Uranus, came on January 24, 1986
Voyager 2 returned spectacular images of the planet, its moons, and rings

Uranus, nearly 2 billion miles from the sun, receives only one quarter of the
light available at Saturn. The JPL team stabilized the spacecraft for long exposures
and doubled data transmitted by re-programming an onboard computer 10 compress
data, and electronically linking Earth receiving stations

As Voyager 2 journeys toward Neptune and the stars, JPL continues to provide Jet Propulsion Laboratory

scientists and engineers with unrivaled opportunities in planetary and space Califorma Institute of Technology
disciplines.

Drop us a line, with your resume. to: Professional Statfing, Department T-55,
Jet Propulsion Laboratory, California Institute of Technology, 4800 Qak Grove Drive,
Pasadena, CA 91109 An Equal Opportunity Employer M/F
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exploration. Its report is to be present-
ed on April 11. In the light of the Chal-
lenger disaster, few would be surprised
if the commission recommends what
some experts already argue: the shut-
tles should be employed only for the
missions they alone can perform, and
conventional rockets should be used
to launch everyday satellites.

Encounter

Axyone grown wary Or even con-
temptuous of human technical
achievements may yet feel a sense of
wonder at the events of January 24. On
that day a spacecraft launched from
the earth nearly a decade ago flew
by Uranus—Uranus, two billion miles
away, invisible to the unaided eye, dis-
covered by telescope only in 1781—
and sent back a raft of surprising infor-
mation that will occupy planetary sci-
entists for years to come.

Prominent on Voyager 2’s list of sur-
prises was Uranus’ magnetic field. The
axis of the field is tilted by 55 degrees
with respect to the planet’s rotational
axis, whereas on other planets the tilt is
less than 20 degrees. The rotational
axis of Uranus is itself oddly tilted: the
planet lies on its side, with the axis al-
most in the orbital plane. (At present
the south pole points toward the sun.)
So far no clear link has been estab-
lished between the two anomalies.

On the other hand, the magnetic
field has indirectly provided some
clues to the planet’s internal structure.
One of the most widely accepted mod-
els predicted Uranus would have three
layers: a molten rocky core about
8,000 kilometers in radius; a 10,000-
kilometer-deep ocean of water, meth-
ane and ammonia, which are compara-
tively heavy volatile substances, and
a 7,000-kilometer-deep atmosphere
of molecular hydrogen and helium,
which are light. According to Andrew
P. Ingersoll of the California Institute
of Technology, it now appears that the
distribution of mass may be more ho-
mogeneous than had been thought.

The evidence comes from the plan-
et’s rotation rate, which has been cal-
culated from Voyager measurements
of the wobble of the magnetic axis
about the rotational axis. The rotation
rate together with the distribution of

MIRANDA, innermost of the major Ura-
nian moons, was photographed by Voyager
2 from 31,000 kilometers away at a resolu-
tion of 600 meters (fop). The troughs are
several kilometers deep; white material is
probably water ice. A computer-assembled
mosaic of the moon (bottom) shows curious
groove patterns (a chevron near the center
and oval “racetracks” at the limbs) and a
20-kilometer-high cliff at the bottom right.




Buick redefines
the Great
American Coupe.

Once upon atime,
America's roads were graced
by handsome, big, sporty
coupes. But in recent years,
most big coupes grew fo look
suspiciously like sedans with
two of their doors missing.

Introducing the new, front-
wheel-drive Buick LeSabre
Coupe. This is a whole new
kind of big. sporty coupe. It
rdes and handles with a
fightness and a crispness

unexpected in a car of this size.

Its bigness will impress you
immedialely, for the LeSabre
Coupe offers a rare commod-
ity in sporty coupes: room,
Genuine room for six.

Being a Buick, the LeSabre
Coupe offers all this room in
frue comfort, and in plush
surroundings.

As for its sporty side, it is an
automaobile truly designed for
those who love the open road.
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The standard powerplant is a
multi-port, fuel-injected 3.0-litre
(not available in California). Or,
order the available 3.8-litre with
sequential-port fuel injection

- and roller lifters.

To handle this perform-
ance with great agility, the
LeSabre Coupe has
MacPherson strut front
suspension, power-assisted
rack-and-pinion steering and
fully independent rear
suspension.

But enough of logic.
Buckle up and visit your Buick
dealer.

And experience the return
of the Great American Coupe
— ina very enlightened form.
For more information, a test
drive or a brochure, call:

1-800-86-BUICK (1-800-862-8425).

Wouldn't you
really rather have a Buick?




SCIENCE_~SCOPE®

Following seven years of deliveries that were on time or ahead of schedule, Hughes Aircraft Company
has completed production of the electronic “brains” for the U.S. Navy’s Trident I Fleet Ballistic Missile.
The guidance electronic assemblies incorporate advanced technology to withstand harsh operating
conditions underwater and in space. Since 1978, Trident guidance assemblies containing Hughes
electronics have performed flawlessly in 50 test launches. This reliability record follows outstanding
performances established by Hughes in the past 25 years on the Polaris and Poseidon programs.
Fabrication of development guidance electronics flight hardware has begun for the Trident II missile.

The U.S. Department of Defense has given two of its four top money-saving awards to Hughes for
proposals that will cut costs by nearly $275 million. The Contractor Value Engineering Achievement
Awards honor defense contractors for helping to trim defense costs during 1984. The Air Force cited
Hughes for saving $172.8 million on the Imaging Infrared Maverick air-to-surface missile over the life
of the contract. The Navy honored the company for reducing projected costs on the UYQ-21 data
display system by $101.5 million. Hughes also contributed to the savings achieved by FMC
Corporation, which won the Army award for cost-cutting efforts on the Bradley Fighting Vehicle
System. The Value Engineering program was created to cut production costs without affecting
performance, reliability, quality, maintainability, and safety standards. The armed forces approved 34
Hughes VE proposals for total cost reductions exceeding $296 million. Since 1964, Hughes military
customers have approved 705 changes on 52 programs for total savings of $887 million.

Telecommunications via satellite continue to bring Indonesians closer together by bridging the
thousands of islands of their nation. In 1976, Indonesia became the first nation after Canada and the
United States to operate a domestic geosynchronous communications satellite system. Long-distance
telephone traffic more than tripled in the first five years and continues to grow. New Palapa-B satellites
have improved the quality and efficiency of services while expanding coverage into Papua New Guinea
and into smaller communities and outlying areas of Indonesia. The increased power of the Hughes
satellites allows ground stations to use antennas 3 to 4.5 meters in diameter, as opposed to the 10-meter
antennas at all the original stations.

Advanced computers give North America’s new air defense system more capability at a fraction of
previous operating costs. The Joint Surveillance System (JSS), developed for the U.S. Air Force by
Hughes, watches over the entire United States and Canada from eight regional operations control
centers. The system is controlled by nine Hughes 5118 ME central computers, each with 500,000 words
of memory and capable of performing 1 million operations per second. These computers, in turn,
direct seven Hughes HMP 1116 peripheral computers to perform subordinate tasks. The system provides
its own back-up whenever faults are detected. Because the system requires less staff and maintenance
than the previous system, JSS saves over $100 million a year in operating costs.

Hughes' Santa Barbara Research Center is seeking experienced engineers and scientists to further
develop advanced IR systems. We need design engineers, nuclear effects engineers, electro-optical
packaging engineers, IR system analysts, and project leaders. To learn how you can become involved in
the development of new IR systems, contact the Santa Barbara Research Center, Professional
Employment, Dept. S2, 75 Coromar Drive, Goleta, CA 93117. Equal opportunity employer. U.S.
citizenship required for most positions.

For more information write to: P.O. Box 45068, Los Angeles, CA 90045-0068

HUGHE
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INDUSTRY AND TEGHNOLOGY TODAY

A steady resurgence in Italy's industrial self-confidence, which
began at the beginning of this decade, has been particularly
marked during the past 18 months.

Scores of companies have been tackling the problems of
overmanning and have been investing in the replacement of

outdated machinery with pew

nology equipment.

Italy's achievements are well
illustrated by the success of the
country's flagship industrial giants.

Olivetti has moved from losses and
low productivity to become the biggest
European-owned data processing
manufacturer and one of the
continent’'s most profitable large
companies.

Fiat Autos, after losses of L.130
billion in 1980, announced profits of
L.235 billion for 1984 and the Fiat
group has embarked on a three-year
program of research and development
(R&D) that will total L.9,100 billion by
the end of 1987.

Montedison, Italy's largest
chemicals group, is expected to record

a net profit in 1985 after reducing
losses of L.393 billion in 1983 to only
L.36 billion in 1984.

Italtel, the country’'s largest
telecommunications manufacturer,
has changed a 1981 L.268.8 billion
loss into a L.25 billion profit and
launched a prestigious new digital
exchange system.

These financial turnarounds are
particularly impressive following, as
they do, the years of high wage
inflation, industrial unrest, eroded
foreign markets, massive losses and
political terrorism that marked the
1970's.

But industrial growth in Italy is not
only characterized by the major

Advertisement
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companies. Significant also are the
hundreds of small and medium-sized
enterprises. After the oil crisis of the
1970's—which hit the industrial
structure of Italy particularly hard
because of its heavy reliance on
imported fuel-small and medium-
sized manufacturers experienced a
boom.

A striking element of this was the
growth of new and original businesses
which were independent of both the
major capitalist companies and the
state-controlled structures.

“We have witnessed,”” says Rome
economist, Professor Andrea Saba,
"an assimilation of capitalistic ways of
producing with a uniquely Italian
renaissance of craftsmanship,
creativity and taste. You cannot
understand Italy without taking into
account Valentino, Pucci, Gucci and
Benetton, and these are uniquely
Italian companies springing not from
the main industrial centers of Milan or
Turin but from Florence, Bologna and
Venice.”" Along with these well-
established and world famous
companies, the past decade has seen
the development of others, less well
known but equally adept at capturing
today’s markets.

The effectiveness of such companies
results from the fact that they can
respond quickly to market demands.
They do not need to maintain a very
complex distribution network. If the
dollar is up, they can target their goods
on the U.S,; if it is down, they move
them to West Germany.

Says Professor Saba: ‘“Consumers,
when they are rich, are not influenced
by cost but by taste and by variation of
taste. Italy's strength is its ability to
produce beautiful things. And
consumers around the world, rich
consumers, want to have beautiful
things. If we produced shoes in
competition with the Third World, we
would be destroyed because wages in
the Third World are one-sixth of wages
in Italy. But if we produce beautiful
shoes, every rich consumer will want
to have Italian shoes, because they are
Italian and much better than anything
to be found elsewhere.”

Italy's strength in this respect is
surely the result of an innate sense of
artistic originality born of 4,000 years
of producing beautiful things.

"There are a lot of small enterprises
in Italy where levels of competence
are extremely high,” says Professor
Saba. “"We have a good tradition of
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brilliance in mechanics. From this has
grown a kind of marriage between
American electronics and Italian
mechanics which is generating a lot of
innovative numerical control tools.

""New technology does not only
involve increasing efficiency. It also
involves a reduction in dimension. In
the past, merely because of size, only
big concerns could possess a
computer. Now there are mini-
computers which are ideal for small
businesses. So, in central Sardinia-a
land of shepherds-you can find a
small company producing traditional
cheese which uses computers for
controlling quality and which exports
half its product to the U.S. In Sicily,
you can find a small company using a
computer in the production of
furnitureina way I have never seen in
any other part of the world. And there
are other examples, including
companies which are exploiting
developments in biotechnology in the
production of spaghetti, olive oil and
wine."' Prof. Saba is president of
the Instituto per L'Assistenza Allo
Sviluppo del Mezzogiorno, (the
Institute for Assistance in the
Development o f Southern Italy).

In thisrespect, he stresses that while,
in development terms, the south is
perhaps five years behind the rest of
Italy, it has considerable potential for
attracting foreign investment capital.
It is strategically situated in the center
of the Mediterranean area, close to the
markets of North Africa, as well as
southern Europe, it offers relatively
skilled and inexpensivelabor and has a
stable environment for industrial
activity.

Throughout industrial Italy during
the past few years, low inflation and a
relatively strong export market have
improved profit margins, providing
funds for much needed capital
investment. A great deal of this has
been directed towards the automation
of production processes and control
systems.

A good example of this can be found
at Benetton, the fashion clothing
manufacturer with a worldwide
network of owned and franchised
retail outlets.

The biggest Benetton warehouse in
Europe, with a capacity for 200,000
boxes of garments, is at Treviso, in
northern Italy, where Comau, the Fiat
group's innovative production systems
company, has installed a computer-
controlled handling and storage
system that can store or remove boxes
at a rate of one every four seconds.

Similar advanced data processing
and factory automation techniques are
being introduced by a variety of other
small and medium-sized Italian
companies.

Although Italy's emergence from
recession lagged behind that of most
other countries, it has registered faster

growth than any other country in
Europe, with the exception of
Denmark. Following an increase in
Gross Domestic Product of 2.6 percent
in real terms in 1984 —-the best
performance for a decade—a growth
of 2.4 percent was expected last year.

The new expansion has not been
accompanied by an acceleration in
domestic inflation. In 1984, this
averaged only 10.6percent compared
to 15percent in 1983, substantially
reducing the wide gap in performance
which had previously separated Italy
from other industrial countries.

If Italy is to maintain its economic
recovery over the long term, however,
banking sources stress that the
government will have to be much
more vigorous in its pursuit of lower
public expenditure and in its methods
of keeping wage increases down.

R&D POLIGY

One of the
strengths oflItalian
industry has
always been its
flair for both
entrepreneurial
and technological
innovation.
However, this has
all too often lacked the backing of a
broadly conceived national strategy
for the development and application of
new technologies.

The 1980's, however, have seen a
marked increase in the degree of
priority placed by the government on
scientific and industrial-oriented
research.

Italy spent altogether L. 8,575 billion
on research last year, according to the
official statistics bureau. This is well
below the two percent of Gross
Domestic Product regarded as
minimum in most industrial
economies, but it represents a 12.2
percent rise in monetary terms on
1984. When purged of inflation, the
real increase is about four percent.

The government and public
authorities were responsible for
L.3,983 billion, nearly half the total,
while the corporate sector spent the
rest. Public expenditure was divided
under three headings: L. 1,442.6
billion on pure research; L.1,402.5
billion on applied research; and
L.137.8 billion on development
research.

The Ministry of Scientific and
Technological Research suffers from
the drawback of being headed by a
minister who is officially without
portfolio.

He is dependent on the office of the
Prime Minister who delegates to him
responsibility for scientific research.

The Ministry is given powers of
supervision over bodies such as the

Advertisement
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National Research Council (Consiglio
Nazionale delle Ricerche or CNR), and
much of its work depends on main-
taining what Rocca calls relations of
collaboration and trust with other
ministries, particularly defense,
industry, agriculture, health and posts.
Despite the absence of cut-and-dried
regulations, the system works.

In its task of overseeing and
stimulating industrial-oriented
research, says Rocca, the Ministry
follows four paths.

The first and oldest is a procedure
going back to a law of 1968 under
which the government provides soft
loans and grants for research projects
initiated by companies. Originally a
L. 100 billion fund was set up under the
administration of Istituto Mobiliare
Italiano (IMI), a finance house owned
partly by banks and insurance
companies. The legislation has since
been modified and added to several
times.

The most recent law is dated
February 1982. It provides for the
Ministry to preselect applications from
firms which are then passed to IMI for
detailed examination while a
committee of ministers determines the
amount of public financing to be
advanced. In its annual report for
1984, IMI said it had been asked by the
Ministry to examine 166 projects for
an overall estimated cost of L.513.4
billion. At the same time, 116 new
research contracts were signed for a
value of L.420.1 billion, of which
L.314.3 billion were advanced from
public funds.

The 1982 law was a milestone
because it opened the gate to the
second path-government-initiated
research.

"“Instead of industry asking for
public financing,”" Sig. Rocca said,
"this is now a case of the state asking
industry to undertake research in
areas of national importance, which
would not give firms an immediate
return.”

The third path is space. A national
space plan exists and has been put
under the temporary supervision of
the National Research Council. Space
research should take off as aresult of a
cabinet decision in August to set up an
Italian Space Agency (Agenzia Space
Italiana).

An important bilateral program,
cited by Sig. Rocca, is underway with
NASA in the field of satellite tele-
communications. In the multilateral
field, Italy participates in the European
Space Agency's Columbus program,
while it is keenly interested in both the
U.S. Strategic Defense Initiative and in
the French-inspired Eureka project.

The fourth path leads to so-called
"‘application-oriented projects’’
(progetti finalizzati) of CNR, which
receive government funding and are
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supervised by the Ministry. Their
advantage lies in the way, new to Italy,
in which they bring together public
bodies, universities and industry. The
program began only 10 years ago and
got properly underway after 1980.
And as the average length of a project
is five years, the results so far are
limited. By this year, said Sig. Rocca,
28 projects had been completed while
11 were underway and two were
starting.

Much of the progress is due to the
CNR's decision to set up an Office for
Technology Transfer in July 1980,
headed by Dr. Sergio Allulli, a chemist.
Before then there was an enormous
gap to be bridged, says Dr. Allulli.
“Italian universities knew little about
the value of a patent, nor did people
want to make the results of research
comprehensible to firms. The
researchers themselves were not
convinced that what they were doing
was really of use to industry.”

On the other side, he said, much of
Italian industry ‘‘feared innovation
because it is a risky business and the
state did not create the proper climate.
The risk was very high and we do not
have venture capital here.”

"We don’'t need to spend more on
research,” says Dr. Allulli, “we need to
utilize it better."”" In previous years "we
wasted time —the results remained
shut up in drawers. It was as if Fiat
made its cars and then shut them in
warehouses."

EMIGALS

It is perhaps appropriate
that Italy's classical
imonuments, having
suffered the pollu-
ting effects of 20th
century technology,
should now be able
to enjoy respite
thanks to a
sophisticated fluori-
nated fluid whose
primary application is in the
aerospace, electronics and nuclear
industries.

It is also fitting that this fluid should
have been developed and marketed by
an Italian company. Thus, the
country's rich architectural past is
linked with its leading role in state-of-
the-art technological development.

The monument-saving fluid is
Fomblin Y Met, a perfluoro-polyether
which is produced by Montefluos, a
leading producer of fluorine
derivatives and a part of the giant
Montedison group which during
its 100-year history has
introduced numerous innovative
products including ammonia and
polypropylene.

The deterioration of Italy's
architectural treasures is caused
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mainly by pollutants in the air, which
react with the carbonate part of the
stone in the presence of water.

The remedy is to eliminate or reduce
the penetration of water in the stone,
while ensuring that the protective
measures do not introduce any other
destructive activity. Fomblin Y

perfluorinated fluid is unique in that it §

is the only water and oil repellent

material produced on a commercial &

scale that is chemically inert, resists
the most aggressive agents such as
chlorine, fluorine, acids and alkalis;
is insensitive to extremes in
temperature; and is stable and
transparent but permeable to air and
water vapor, thus permitting
controlled aeration and humidification
of the internal layers of stone.

Among the monuments that have
now been treated are the Palazzo Pitti
in Florence, the Apollo statue in the
Boboli Garden in Florence, the Duomo
di San Martino in Lucca, the Palano
Ducale of Urbino and Cappella Pasziof
St. Croce in Florence.

"The effect of Fomblin is to provide
protection without giving a coating
effect,”” says Dr. Paolo Bolzani,
managing director of Montefluos.
“Fomblin is a technology-intensive
product and it is expensive. But its
properties are truly exceptional and
they make it indispensable for use
over a vastrange of technologies such
as the nuclear, electromechanical,
aerospace, magnetic media and
semiconductor industries.

Dr. Bolzani believes that Montefluos
can use its strong position in perfluoro
polyether technologies as a building
block in the search for new advanced
materials. "We have an exchange of
ideas with our customers in which to
say, ‘forget about current technology;
if you can envisage a completely new
compound with a combination of
performances which is completely
new, what would be required of us?
Starting from this point we expect to
develop a new generation of materials
which cannot yet be named."”’
Elaborating on this theme, Dr. Gerardo
Caporiccio, the company's R&D
manager, says: ''Our products now
work across a wide temperature span,
from -90° centigrade to +250°. But
what if we can consider a span
between-120° and +320°? There is
no reason why we shouldn't
eventually achieve this. Our strategy
is to move, conceptually, the frontiers
of expectation of our customers.”

Montefluos’ sales increased by 25
percent last year to reach $233.8
million, with sales of Fomblin fluids
increasing by over 50 percent.

Montefluos’ success is indicative of
the remarkable turnaround that has
been achieved by its parent company,
Montedison, which, in addition to its
chemical interests, has health-care
and energy subsidiaries.
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JATA PROCESSING

The development
of a voice-
activated work-
station is a prime,
though still distant,
goal of the office
automation and
data processing
S industry.

Its realization will require an
extremely complex and sophisticated
system which will have to include
linguistic and grammatical knowledge
and interpretative capabilities.

This is an area of particular interest
to Olivetti because of its role as
Europe’s leading office automation
and data processing manufacturer.
With more than 70 percent of its sales
on the continent, it needs to solve the
problem simultaneously in at least five
languages—Italian, English, French,
German and Spanish.

"Precisely because of this we are
intensely involved in the area of
speech recognition,” says Dr. Arnaldo
Pasini, vice-president responsible for
corporate research.

The state of the art in computerized
speech recognition is the achievement
of simple comprehension of
vocabularies of between 4,000 and
6,000 words, still far short of the
15,000 words used daily by most
people. Beyond the problems of
acoustic recognition and vocabulary
building, however, lie the difficulties
of machines understanding
uninterrupted speech in which words
and phrases run into one another, and
the complexities of semantic analysis.

Another and shorter-term aspect of
the office of the future which is under
study at Olivetti is non-impact
printing. Easily accessible color
imaging is expected to gain increasing
importance as a practical means of
improving the information content of
office documents. Among the
technologies being explored at
Olivetti are thermal ink transfer,
electrostatic, magnetic and ink-jet
printing.

Thermal transfer and ink-jet have
the advantage of permitting the use of
plain paper. In digital printing, color is
obtained by means of patterns of
elementary dots of variable filling,
with minimal intervals of one dot,
according to the level of saturation
required, so that the number of pixels
of color per unit of length is smaller
than the corresponding value for
monochrome printing.

However, this does not imply a
lowering of quality because color is
added information that well outweighs
the decreased resolution.

Thermal transfer can be carried out
at reasonably high speed, with great
flexibility and a variety of colors. The
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technology will enable a color printer
to reproduce, in a few seconds, color
copies of good quality with a range of
shades and severaldifferent colors.

One difference between thermal
transfer and ink-jet reproduction is
that thermal transfer provides slightly
brighter colors while ink-jet offers a
wider range of intermediate shades.

A bigger difference, however, is
presented by the economic factor.
Thermal-transfer technology will be
relatively simple so the cost of the
machine would be small but the cost
per copy of reproductions would be
high. As ink-jet technology is more
complex, the initial cost would be
higher but the cost per copy would
work out much cheaper.

Dr. Pasini believes it will only be
a few years before speedy and
economical full-color reproduction
will be available as a regular item of
office equipment in much the way
photocopiersare today.

""Personal computers will have a
color screen and people will want the
facility of making hard copies in color.
What is now under investigation is
how to reduce the complexity of the
copiers while retaining quality and
speed.”

All of the new technologies being

researched are subjected to the
significant constraints of costs.
Developments may be technically
superb, says Dr. Pasini, but the final,
critical factor is whether they can be
successfully marketed at a price
acceptable to the average business
office.

Olivetti has continually enhanced its
products against stiff international
competition by increasing its
investment in research and this has
been a significant factor in confirming
its leadership in Europe. And having
attained this position, the company is
maintaining its growth path by a
double strategy, according to Carlo De
Benedetti, the company's charismatic
chairman and chief executive.

Olivetti internal development
efforts may be summarized as follows.
In the last five years the Group has
invested approximately L.770 billion
in R&D. Thirty-two hundred people
are engaged in R&D mainly concen-
trated in the Ivrea (Italy) area, at
the company’'s headquarters. R&D
personnel account for 6.8percent
of the Group employees and for
10.4 percent of employees in Italy.
R&D expenses in 1984 rose by
22 percent compared to 1983. Besides
the Italian laboratories, Olivetti has

R&D centers in the U.S. (Cupertino,
California), France, Switzerland, Spain
and Singapore.

An example of the results of the R&D
design and production efforts at
Olivetti is the M24 Personal
Computer, whose favorable accep-
tance even in the most demanding
markets like the U.S. is demonstrated
by the $100-million contract with
AT&T for supply of the M24 to be
marketed by AT&T under their own
label, and by the contract signed with
Xerox for OEM supply of the M24.

The communications and data
processing sector continues to be
marked by a global restructuring of
international suppliers. The factors
behind this are the rapidly emerging
technological developments within the
industry, the convergence of telecom-
munications with data processing and
the deregulation of telecommuni-
cations services.

The availability of the basic
telecommunications technologies
developed by Bell Laboratories, one of
the largest research centers in the
world and easily accessible to Olivetti,
is regarded as one of the essential
elements for the "'systems integrator"
function demanded by modern office
automation.
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Italy must meet
more of its
energy needs
by importing oil
than any other
y major industrial
power and the
search for alter-
. / native sources has
therefore been a major priority.

In the national energy mix, oil now
accounts for less than 60percent of
total consumption, against 67.2
percent in 1980, and is targeted to fall
to 53.7percent by 1990. Natural gas
consumption, now 19.3 percent, will
increase to 20 percent, and solid fuels,
10.3 percent now, should rise to
13.5 percent.

ENEL, the National Electricity
Utility, optimistically said in 1975 that
50percent of electrical power would
be of nuclear origin by 1985, and more
than 80percent in 1990. In fact, the
percentage is only 3.2 now and under
the revised national energy plan, will
be 7.2percent in 1990. The nuclear
program lags far behind its original
schedule, partly because of the fall in
world oil prices and partly because of
strong local opposition to new plants.

Currently, nuclear power comes
from the 850MW Caorso plant (BWR,
under General Electric license) on the
Po river and two obsolescent units,
Trinto Vercellese (270MW) in
Piedmont and Latina (200MW) south
of Rome. Another BWR plant of
2,000MW (twin units of 1,000MW) is
under construction at Montalto di
Castro, north of Rome, and three PWR
plants of 2,000MW to be located in
Piedmont, Lombardy, and Puglia are at
various stages of planning.

The future beyond that is the
province of ENEA, the Commission for
Nuclear and Alternative Energy
Sources. ENEA has a project to
develop a standard Italian PWR
reactor of 2,000MW, and a 40MW
prototype thermal neutron reactor is
undergoing preliminary testing near
Latina, which is intended as a first step
towards the realization of an
alternative type of plant.

A budget of L. 1,760 million is being
provided for work on fast breeder
reactors. This includes a third sharein
the French Superphénix program, as
well as the Provoa Elementi di
Combstitili (PEC) project underway at
Barasimone in the Apennines south of
Bologna. This is a 120MW fast breeder
reactor with a central irradiated
channel for testing fuel elements in
conditions of industrial application and
is due to be charged with fuelin 1988.

ENEA's overall policy is aimed at
making Italy independent of foreign
licenses and competitive in
international markets.
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The nuclear power station at Latina, south
of Rome.

Ferrara, an historic city of 150,000
inhabitants near the mouth of the
River Po, is to be centrally heated by
geothermal energy as part of the
country's campaign to lessen its
dependence for energy on imported
oil.

A distribution network which is
being installed will reach 5,000 civil
and industrial users in its first phase,
but the program calls for the eventual
substitution of Po Valley methane by
the cheaper geothermal system
throughout the city.

The wells are about two miles from
the city center. The fluid, water at
nearly 212°F, with a high saline
content, lies at depths of between
4,000 and 6,100feet. Because of the
corrosive effect, the thermal energy
has to be transferred to a second,
freshwater circuit for distribution,
while the fluid in the primary, closed
circuit is reinjected into the subsoil.
To satisfy demand at peak periods,
conventional boiler heating will
reinforce the geothermal flow of 400
cubic meters (about 14,120 cubic feet)
an hour.

Agip, the chief operational sub-
sidiary of the state hydrocarbons
corporation, ENI, is in joint venture in
this and similar initiatives with ENEL.

AAxrarticamant
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Agip entered the field because
geological, seismic and drilling know-
how is very similar to that of oil
exploration.

Another agreement was signed in
February 1985 with Vicenza, a city
with a population of 110,000 in the
Venetia region and birthplace of
Palladian achitecture, where fresh
water at 152°F has been found at a
depth of 6,000 feet inside the town
limits. The agreement provides for
delivery tobegininMarch 1987, at the
rate of 120 cubic meters (about 4,238
cubic feet) an hour, for heating public
and private buildings with a volume of
about one million cubic meters (about
35.3 million cubic feet).

Plans are also underway for the ENI
group’s headquarters at San Donato,
near Milan, to be heated geothermally.
In the commercial field, an ENI
subsidiary has 8,121,000square feet of
geothermally heated greenhouses for
flower cultivation on the slopes of
Monte Amiata, an extinct volcano in
southern Tuscany. It is believed to be
the biggest orchid garden in Europe.

At present, there is a gap in legis-
lation on how geothermal resources
can be developed. Agip is pressing for
the speedy passage through
parliament of a bill which would fill the
gap by opening exploration to private
as well as public operators, both Italian
and foreign.
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AUTOMOBILES

Aninnovative car with a
fuel consumption of 112
miles per gallonhas been
developed by scientists
and engineers at the
Fiat Research Center
inTurin.

With five passengers,
it can cruise at 90 miles
an hour and accelerate
from zero to 437 yards
in 20 seconds. Its shape
has been dictated by
aerodynamic principles
and wind-tunnel experi-
ments. Its back suspen-

] sion is provided by laser-
controlled pneumatic springs. It has
two extremely wide doors, each on a
double hinge, to provide easy access to
the rear seats without the need to
move the front ones. It is constructed
of steel and reinforced plastic and
weighs only 220 pounds.

It is, of course, a hand-made
experimental prototype, whose
purpose isto provide components that
may eventually become innovative
commercial products in one form or
another. One imminent prospect, in
this respect, is a 1.7liter direct
injection diesel engine. The problems
of noise and smoke are being resolved
and a 15percent lower fuel consump-
tion is being maintained.

At the Fiat Research Center, says
Dr. Angelo Rossi, a special assistant to
Fiat's chairman, Gianni Agnelli, the
emphasis continues to be on cutting
fuel consumption and improving
vehicle quality, reliability, safety and
comfort. Considerable emphasis is also
placed on the development of
automated production process and
control systems as a means of
enhancing product competitiveness
and quality.

The Center has achieved some
outstanding results in manufacturing
technologies. These include an engine
cylinder surface monitoring system,
the prototype of a welding spot-
checker, a laser system for a two-
station welding plant, a complete
computerized system for automated
component test benches and a control
booth for dynamic diesel engine
torque tests.

It has also intensified its work on the
development of new sighted systems
for use inrobotized plants. The sighted
robots would be capable of selecting
mechanical components and would
also be employed in laser applications
for the antiwear treatment of dies and
sheet cutting.

Fiat is at the forefront of laser beam
research. Lasers are being used to
study the behavior of mechanical
structures under vibration or stress
and also in production to check the
surface roughness of crankshafts. At
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Fiat Auto’s Mirafiori factory in Turin,
lasers are used to weld gearbox
synchronizer rings and to inspect
cylinder surfaces.

The epitome of Fiat's advanced
technology is the Fully Integrated
Robotized Engine (Fire), which was
unveiled in September 1984 and last
year fitted into several basic Fiat
models.

The Fire 1000 engine is the
forerunner of a new generation of Fiat
Auto power plants for one-liter cars. It
is based on highly advanced R&D
techniques and reconciles the
objectives of low weight, high
efficiency, low specific fuel
consumption and totally automatic
high-output production.

The most obvious difference
between the Fire 1000 and its
predecessors lies in the reduced
number of components-273 as
opposed to 368 for the 903cc engine.
The next big difference is the compact
size and greatly reduced weight, a
mere 69kg. The engine block on its
own weighs 18kg, six kg less than the
903 cc engine.

A new casting system is being used
in the manufacture of intake
manifolds. Called Policast, it uses
disposable expanded polystyrene
models. Innovative design and
manufacturing techniques have also
permitted the application of cast iron.
This material has been used with such
great success that the engine block,
caps, drive shafts, conrods, camshaft,
flywheel valve guides and piston rings
are all in cast iron. Engine block walls
are no thicker than 4mm. The
crankshaft weighs 5.93kg, whereas
the steel 903 cc engine's crankshaft
weighs 7.4 kg. The light alloy cylinder
head is made in one piece.

Construction and assembly
operations have been simplified to
such an extent that the Fire only takes
half as long to make as the 903 cc
engine.

For the first time, the production
workshop has been designed hand-in-
glove with the new engine it is to
produce. As a result, there are five
parallel production lines, an
intermediate store to ensure constant
supply of materials and a flexible
production rate of between 1800 and
2600 engines a day. The plant controls
itself with computers, runs checks on
itself and submits its products for
approval by itself, all automatically.
Every operation is computer
controlled. Engine flywheel turning
takes place, for example, on an
automatic transfer machine which is
considered to be one of the foremost
unmanned workshops in Europe and
still the only transfer machine of its
kind in existence. Not only are
operations carried out with
numerically controlled lathes, but
tools are automatically replaced under
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the direction of sensors which keep
a constant check on machined
components. The transfer machine
also includes a robot which loads the
unmachined flywheels using a sonar-
fitted magnetic clamp. This device
helps therobot search for flywheels in
a bin of loose components. Production
machines are fitted with diagnostic
and monitoring systems to optimize
line efficiency and productivity and to
keep a constant check on product
quality.

Tt takes just 107.5 minutes to make
each engine and one comes off the line
every 20 seconds. Cutting parameters
are adjusted and idle times are reduced
to ensure that all machines are utilized
to their maximum capacity. The head
attachment side of the engine block is
milled in 0.34 minutes, whereas the
same operation for the Ritmo 138
engine takes 0.65 minutes of machine
time. Similarly, rough turning of
crankshaft pins is now carried out in
0.382 instead of 1.20 minutes. The
burnishing of the small conrod end
takes 0.19 instead of 0.62 minutes.
Machining takes only 46.5 minutes
instead of 114.4 and assembly is
completed in 61 minutes instead of
117.1.

These seconds shaved off every
operation mean that the Fire 1000 is
made in less than half the time it takes
to make the Fiat 127 903 cc engine.

Robotization and the development
of on-line process computerization
and automated control systems-as
exemplified in the production of the
Fire 1000 —are the keynote elements
of Fiat's automobile sector production.
The company spent L.266 billion on
R&D last year, a 13 percent increase on
the previous year, and this amounted
to 2.1 percent of revenue. Fiat Auto's
net indebtedness was reduced by
L.547.6 billion and the work force was
reduced by 13,566 to a total of
107,681. Production was up 2.8
percent and totalled 1,409,700 cars.

ETOOLS

Italy's preeminence
in machine-tool
engineering and
its advanced
- electroniccontrol

, expertise has
- established it
_as the world's
~fifth largest
“producer and
the fourth
largest export-
er of flexible
manufacturing

4 sytems.

Machine-tool exports total nearly
L. 1,000 billion annually. Continued
growth, however, depends on the
ability of manufacturers to further
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integrate computerized electronic
control with machine-tool technology
and the development of more
advanced flexible manufacturing
systems.

Comau, the Turin-based production
systems company in the Fiat group,
has achieved particular success with
its innovative robotics development
and with its increasing integration of

mechanical and electronic technology

in its metal working and assembly
systems. Sales increased during the
1984 financial year by 21.4 percent to
L.498.2 billion.

The company is continuing to
extend the range and versatility of its
Smart robot, an electromechanical
articulated machine with six degrees
of freedom, which can be adapted to
perform a variety of tasks.

A process for the automatic
assembly of hinges on motor vehicle
doors has been developed by equiping
a Smart robot with a telecamera and a
microprocessor. The robot takes a pair
of hinges, complete with bolts, from
one pallet. Once the bolts are in line
with the holes, the robot screws them
down. The tighteningtorque and final
rotation angle are checked bolt by bolt
to ensure that each hinge is properly
assembled. A coded label is applied
automatically to the door if the
operation isincorrectly performed. Up
to three different types of doors can be
handled at the same time.

Another element in Comau's
success has been its ability —at a time
of uncertain markets and fluctuating
demand —to provide manufacturers
with innovative production systems
capable of great flexibility, thus
providing them with the facilities to
fine tune their mix of products and to
reduce the lead time from design to
market.

Often the basic concern of
manufacturers is to arrange their
production scheduling so they can
meet their order dates. This demands
controlled order release, adequate
capacity, control of the level of work
in process, manipulation of job queues
at each work center, minimizing
machine and manpower idle time and
preventing bottlenecks.

To meet these needs, Comau has
developed a comprehensive software
package to deal with operations
control, planning, reporting, machine
programing, in-process inspection,
tools management, plant information
system interface and plant materials
handling.

As a result, foreign sales this year
are expected to constitute some 60
percent of total revenues. Major
orders have been placed by several
factories in the Soviet Union, and in
the U.S., Comau has sold one of its
most complex flexible systems
developed so far to Borg-Warner's
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compressor manufacturing plant in
Y ork, Pennsylvania.

The production is almost entirely
automated. The only human inter-
vention on the shop floor is the man
who picks up the blanks delivered
from the buffer stock and introduces
them into the roller track.

ENGINEERING

Coal transporta-
tion by means of
slurry pipelines
has been hinder-
ed by environ-
mental concerns
and a reluctance
on the part of end
users of coal to
deal with the
problems of de-
watering it at the discharge of the
pipeline.

Recently, however, a new concept
of coal-water slurry with higher coal
concentration has been pursued and
Snamprogetti, an Italian engineering
company specializing in energy
infrastructures, has developed a new
and more advanced version of this
technology. It has devised amethod by
which coal can be converted into a
liquid with a high coal concentrate
(more than 70 percent), very good
fluidity and stability. The liquid is
suitable for conventional handling and
burning as a liquid fuel without further
processing. Potential users are large
power stations and industrial plants,
particularly those whose location is
unsatisfactory for supplies of coal.
Distribution can be by the same means
as heavy fuel oil - by pipeline or large
tankers.

A prototype plant with a capacity of
about 100,000 tons is being built for
Laviosa, an Italian company, and
Snamprogetti has signed a contract
with the Soviet Union for a plant to
convert coal into slurry and a 120-mile
pipeline to convey it to a power plant
in Siberia.

Snamprogetti's sister company in the
ENI state holding company, Saipem,
has meanwhile developed what is
described as the first fully automatic,
fully computerized welding system
suitable for marine operations.

Productivity in the oil, gas and water
pipelaying industry, particularly off-
shore, is critically dependent on the
speed and effectiveness of the pipe-
welding operations. And after
extensive prototype tests, including
operational projects onboard Saipem's
offshore pipelaying vessel, three of the
computerized welding units are being
manufactured and are expected to
become operational later this year.

Snamprogetti’'s coal-water slurry
and Saipem's welding system illustrate
the degree to which dependency on
imported oil has promoted Italian
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innovation in the design and
manufacture of systems and
equipment required to meet the
country’s energy needs. Italy must
meet two-thirds of its energy
requirements from imported oil, a
higher proportion than any other
major industrial country.

Snamprogetti and Saipem-both
highly profitable companies that earn
85 and 77 percent of their revenues
respectively from abroad - were
partners in laying a 1,500-mile trans-
Mediterranean pipeline to bring
natural gas from Algeria across the
Messina and Sicilian channels to Italy,
a project which came on stream two
years ago. It involved pipelaying at
2,000 feet, a greater depth than had
ever been accomplished and was a
major breakthrough in marine
technology.

"‘Seabed technology 1is the
technology of the future,” says Dr.
Duilio Greppi, Snamprogetti's
chairman. “Today we are capable of
laying pipes not at 2,000 feet but at
2,000 meters. We are doing a great
deal of intensive research in seabed
technology. Much of it must remain
secret but the trend is towards having
seabed level platforms that will be
capable of separating oil from gas,
burning off the unwanted gas and
pumping only the oil through the
pipes. We are also working on the
development of technology to enable
seabed operations in difficult
geographic situations, such as the
Arctic and Baring Seas. Another
aspect of our research concerns
improving the technologies for freeing
natural gas from CO, and/or H,S,
which could open up many gasfields
which at presentare uneconomic.”

Snamprogetti is involved in con-
sulting, engineering and prime con-
tracting for oil, gas and petrochemical
plants as well as for onshore and
offshore pipelines.

Saipem has also established a widely
recognized technical leadership
internationally in deep water
pipelaying. This has been due, in part,
to its ownership of the most
sophisticated offshore construction
fleet. The RAGNO DUE, a compre-
hensively equipped 4,200-ton diving
mothership is the first such vessel to
carry two types of submersibles—a
submarine and a tethered diving
bell — offering clients the choice of
both working independently or
together. The RAGNO DUE provides a
variety of functions: pipelaying,
surveying, search and recovery, diver
support and pipeline inspection.

Another vessel, a new-generation
semi-submersible, is capable of
working in up to 40-foot seas and
laying pipes to a depth of 4,000 feet.

Says Sig. Dario Dall’Aglio, head of
Saipem's external relations division:
"'Our experience has given us valuable
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insights in terms of operating limits
and control accuracy which we

believe are vital for safe, economical
and effective operations at sea."”

GABLES &TIRES

With a wide
ranging trans-
formation of the
telecommuni-
cations industry
underway inter-
nationally, Pirelli,
the Milan based
power cable and tire manufacturer, is
well set to maintain its leading role in
theindustry.

Having patented, in 1917, the first
oil-filled cable —still the best means for
power transmission at very high
voltages —the company is now in the
process of developing a new oil-filled
cable which can be impregnated with
special flame resistant synthetic
liquids. It is also developing very high
voltage submarine cables insulated by
paper impregnated with a viscous
mixture of fluid oil and capable of
being laid at a depth of 6,500 feet.
Other projects in progress include the
establishment of an experimental
plant for cables and accessories for use
at 1,100kV, the highest voltage yet
applied to a cable; research on optical
submarine cables suitable for long
distances and great depths; and the
development of cables featuring a high
degree of reliability when used in
especially exacting conditions such as
extreme heat, nuclear radiation or in
situations where it is essential to
reduce the emission of toxicfumesand
gasses.

Cables account for 44 percent of
Pirelli's turnover, with tires account-
ing for 42 percent and diversified
products fortheremaining 14.

In the early 1980s, Pirelli pioneered
the development of tires with low
rolling resistance which reduced the
absorption of power thus saving fuel.

Says Dr. Franco Bottasso, Pirelli's
director of tire R&D: "'Before the
energy crisis, a good passenger car tire
had a rolling resistance coefficiency of
around 13 kilos per ton. Today it is
down to 10 kilos per ton. The question
now is how much further it can be
reduced. For a passenger car we could
go down to six or seven but this would
have to be done at the expense of
performance, mileage, comfort and

handling."”
For the remainder of this decade at
least, says Dr. Bottasso, tire

development will continue to be
strongly influenced by the need to
reduce energy consumption and to
compensate for the high price of raw
materials.

“In general terms, innovation will
be conditioned by the need to ensure
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that the product gives the necessary
performance with the minimum weight
and minimum power absorption.
Different balances will have to be
found from those accepted until now
between load, deformation, fatigue
resistance and running temperature.
We can realistically forecast further
fuel savings of between 3 and
S5percent. We will have to take a close
look at the availability of the current
raw materials and identify which other
ones might offer more effective use in
terms of cost and availability. This will
involve new formulations and perhaps
even the redesign of the tire. This, of
course, presents a major challenge,
given the fact that the tire is a
remarkably effective engineering
concept that has remained virtually
unchanged for a century and a half.”

More immediately, Dr. Bottasso
foresees the introduction, on small
economy cars used mainly as city
runabouts, of smaller more highly
inflated tires; andthe introduction of a
tire capable of continued mobility
even when flat which would dispense
with the need for a spare wheel.
Another prospect, he says, will be the
design, for trucks, of wide single tires
to replace the twin tire combinations
of today. "If you can produce one tire
that can carry the load of two it could
be lighter, require less material and
dissipate less energy."”

Today's tire research at Pirelli is
directed towards further reductions in
rolling resistance for even better fuel
economy, the development of high
performance tires for sports cars and
competition, the development of truck
tires with improved load carrying and
speed characteristics and the
investigation of new materials and tire
constructions.

TRADE FAIR

The dramatic

advances in com-
munications technology in recent
years have had a profound impact
on the role of international exhibitions
and trade fairs. To adjust to the
changing requirements and to utilize
the latest equipment, a major three
year reconstruction program has
been launched by the Milan Fair
organization.

"The role of great fairs in the future
is clear,”” says Mario Bosellj, the Fair's
new president. “They must be trans-
formed from simple exhibition
complexes into active business
promotion centers. By that I mean

Advertisement
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permanent and specialized trade
centers capable of providing business-
men from all over the world with
integrated consultancy and assistance
services. Obviously, as the year 2000
approaches, a great international fair
cannot just sell display space. It has to
provide the latest communications
facilities, marketing procedures and
services."

In order to do so, the area occupied
by the Milan Fair, close to the heart of
the city, has been transformed into
what Sig. Boselli calls an "‘optical
island.”” At a cost of L.10 billion, a
network of optical fibers has been
installed to facilitate the transmission
and reception of video telephone calls,
provide video access to data banks and
televisual link-up with various
locations elsewhere in Italy and
Europe for conference purposes.

If anyone should suppose that the
increasing sophistication of communi-
cations technology means that there
will be a declining need for inter-
national trade fairs, Sig. Boselli is quick
to correct them.

“‘Fairs will always exist because
of what you might call the moment
of encounter. The need for specialists
to confront other specialists, to
examine each other’'s goods directly
and to exchange information cannot
be satisfactorily done by any other
method.

"Visitors will still want to see goods
on display, to examine the finished
product. Nevertheless, the sophisti-
cated use of video facilities will mean
that exhibitors will be able to put
on display their factory production
processes.”’

Milan and its Trade Fair have
become almost synonymous in the 65
years of the Fair's existence. The city
itself has been a central European
trading post for centuries, in spite of
having no indigenous resources. Built
on the plain of the Po River, 90
minutes from the port of Genoa and
close to both the Swiss and French
borders, its location has helped make it
one of the continent's principal
financial and industrial centers. Today
it is the major trading base of most of
Italy's industrial concerns, the home of
such corporate names as Alfa Romeo,
Montedison, Snamprogetti, Saipem
and Pirelli. Two of Italy's three state-
controlled banking institutions -
Credito Italiano and Banca
Commerciale Italiana— are based in
Milan, as are 33 foreign banking
institutions. It is also the focal point of
the design and fashion businesses.

Together with the surrounding
region of Lombardy, Milan accounts
for a third of Italy’'s Gross Domestic
Product and a third of the country's
exports. Itis therefore no wonder that
the Fair continues to be a prime
rendezvous for international trade and
industry.
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Sig. Boselli contends that it
generates 25 percent of Italian exports
and brings in L. 1,200 million worth of
business annually.

The Milan Fair organization stages
about 80 specialist exhibitions each
year and hosts more than 300 other
conventions. The biggest annual event
is the Fiera Campionaria, the inter-
national exhibition which featured
more than 7,000 stands last year, more
than 1,800 of them from 79 foreign
countries. Among them were Albania,
Syria,Iran, Mozambique and Vietnam.

Under Sig. Boselli's direction, the
Fair is in the midst of an evolutionary
change aimed at stressing its function
as a permanent center of active
business promotion. “We expect the
number of exhibitors each year to
decrease but the degree of special-
ization to increase,” hesays. "Our first
task is to increase the available space
for producing exhibitions and
improving the facilities for mounting
and dismantling large and complex
exhibits speedily. At present, the
exhibition area is 600,000 square
meters and there are 43 halls and
pavilions. An additional 50,000 square
meters of open space is now being
developed.”

The new telecommunications and

INDUSTRY AND TECHNOLOGY TODAY

data processing facilities have been
designed and installed by Italtel
in collaboration with SIP. A network
of optical fiber cables totalling nearly
400 miles in length connects a
production center with the exhibition
stands. Over this network the
simultaneous transmission is effected
of voice, text, data and images,
controlled by an Office BX 100
exchange, which is a satellite of
the private digital Office BX 5000 of
Italtel Telematica.

The Fair's Service Center is
comprised of a production room which
controls the distribution of all video
programs and video telephone
connections between users and an
area housing all the systems. The
production room has the local source
of pictures, tuners for the conversion
of television signals via radio to video
signals, a set of monitors and an
operator station. The equipment room
houses an Office BX 100 central unit,
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modems for transmission of data, a
PDP 11 mini-processor which checks
and organizes the connections
between subscribers and the video
telephone service and the selective
distribution of the available video
programs; a wide-band switching
matrix which permits the transmission
of video signals between subscribers
and between them and the service
counter; and a transceiver which
converts electrical signals into optical
signals.

The terminals used for the
interactive television service also
perform the role of a video telephone
enabling color video pictures to be
received and transmitted simulta-
neously with telephone calls.

Says Sig. Boselli: “"Exhibitors and
visitors at the Fair will have at their
disposal both advanced telephone
services and new telematic services.
This optical island project is an
experiment, an opportunity for
research and verification which should
break new ground in developing
exhibition facilities. Visitors to the
Fair will be invited not only to see for
themselves what communication
technology offers and how it operates,
but to participate themselves in the
experiments."’
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mass in the planet determines the size
of the equatorial bulge: the slower the
rotation and the more concentrated
the mass, the smaller the bulge. Ura-
nus has a rather large bulge. Since its
rotation rate, about 17.2 hours, is low-
er than expected, the mass distribution
may be less concentrated toward the
center than the models predicted. Spe-
cifically, the heavy and light volatile
substances may be mixed in a single
layer, which would be more like a hot,
dense atmosphere than an ocean.

Near the top of the atmosphere,
where the temperature declines rapid-
ly to about —221 degrees Celsius (it is
as much as 10,000 degrees at the cen-
ter of Uranus), the volatile subtances
would presumably condense to form
clouds. The top layer would be meth-
ane clouds, which Voyager 2 did indeed
observe. Moreover, in monitoring the
top of the atmosphere the spacecraft
discovered another baffling anomaly.
Although Uranus now keeps its south
pole directed toward the sun—the
southern summer lasts for 21 years—
the temperature there is no higher than
it is above the equator or even above
the north pole, which has been in dark-
ness for many years. Clearly winds
must be carrying heat away from the
south pole, but the nature of the circu-
lation is still unknown.

Voyager 2’s attentions were by no
means confined to Uranus itself. As
the spacecraft hurtled through the
Uranian system it discovered two new
rings, bringing the total to 11, and 10
tiny moons orbiting close to the planet.
Yet the most sensational pictures were
of the five outer, previously known
moons. (Beginning with the innermost
they are Miranda, Ariel, Umbriel, Ti-
tania and Oberon.) Seen from the earth
through large telescopes the outer
moons are mere points of light. The
largest, Titania, is about 1,600 kilome-
ters across, less than half the size of the
earth’s moon. All five are colorless:
their fluffy, patchy surfaces consist pri-
marily of water ice and an unidenti-
fied black carbonaceous material.

The Uranian moons present a strong
contrast to those of Saturn. Voyager 2
data indicate the Uranian moons are
denser. They seem to be roughly half
water ice and half rock, whereas most
of the small moons of Saturn are
thought to be 60 to 70 percent water
ice and 30 to 40 percent rock. This dis-
covery, although not entirely unex-
pected, contradicts simple models of
how the solar system formed. Such
models predict that one should find
less rock and more ice as one moves
farther from the sun.

The rockiness of the Uranian moons
helps to explain the startling extent to
which they seem to have been geolog-

ically active, albeit billions of years
ago. Tectonic faulting or volcanism re-
quires that the interior of the moon be
hot enough to melt its ice. A principal
source of internal heat is the decay
of radioactive elements embedded in
rock. The more rock in a moon, the
stronger its radioactive heat source;
but the smaller a moon is, the sooner
it loses the heat it starts with to space.
Before it was known how rocky the
Uranian moons are they were widely
thought to be too small to support
much geologic activity. Although Voy-
ager 2 had found signs of activity on
the moons of Saturn, this was attribut-
ed to frictional heating by tidal forces,
which are considered insignificant on
all the Uranian moons except Ariel.

Ariel does seem to have been the
mobét active of the five moons. Its sur-
face is extensively faulted, and in one
region material has welled up from the
interior through fissures and flowed
out over craters and valleys. Yet all
the moons have some features that re-
quire strong internal heating. The odd-
est features were found where they
were least expected, on Miranda, the
smallest moon: a V-shaped pattern of
grooves called the chevron, two almost
oval grooved patterns that resemble
racetracks and a cliff some 20 kilome-
ters high.

Voyager investigators have put for-
ward a tentative explanation for Mi-
randa’s strangeness. The hypothesis
assumes the moon was blasted apart
by a large comet some time after it had
differentiated, that is, after radiogenic
heat had caused rock to settle to the
core and ice to form an outer shell. As
fragments of the shattered moon were
drawn back together by their gravity,
some rock would have ended up on the
outside and some ice on the inside.
Large blocks of rock would then have
begun settling back to the core. The
resulting stress at the surface might
have produced expanding fracture
patterns, at first jagged like the chev-
ron but with time becoming rounded
like the racetracks. Miranda’s internal
heat would probably not have sufficed
to complete the process of differentia-
tion a second time. Like the other Ura-
nian moons it is now cold and geologi-
cally dead.

Cosmic Chronometer

group of astrophysicists has dis-

covered a celestial object that
emits an average of 186 highly regu-
lar bursts of radio waves every sec-
ond. The interval between bursts var-
ies cyclically, with a period of 12.3
days. By virtue of this combination
of two rhythmic patterns the object,
designated PSR 1855 + 09, has been

© 1986 SCIENTIFIC AMERICAN, INC

identified as the fastest binary pulsar
that is known.

A pulsar is thought to be a rapidly
spinning neutron star. Such stars can
arise from the gravitational collapse of
a supernova’s core. It is in conserving
angular momentum as it shrinks to a
diameter of only several kilometers
that the neutron star attains its high
rotational velocity. If the neutron star
continuously emits a beam of electro-
magnetic radiation from a spot in the
magnetized plasma overlying its sur-
face, the beam is swept around like the
beacon of a lighthouse. Such a radio
beam, striking the earth with each rev-
olution of the neutron star, can ac-
count for the observed radio-frequen-
cy pulsations.

When a pulsar happens to be one of
a pair of stars orbiting each other, it is
called a binary pulsar. Such a configu-
ration can be detected (as in the case of
PSR 1855 + 09) by acyclical variation
in the pulsar’s signal, the result of a
periodic Doppler shifting of the radio-
burst frequency as the neutron star
moves in its orbit toward and then
away from the earth.

The systematic scan of the sky that
turned up PSR 1855 + 09 was made
with the National Astronomy and Ion-
osphere Center’s 305-meter radio tele-
scope near Arecibo in Puerto Rico by
a graduate student, David Segelstein,
under the direction of Joseph H. Tay-
lor at Princeton University. Data con-
firming the finding were collected by
Daniel Stinebring and Lloyd Rawley
of Princeton and Aleksander Wolszcz-
an of the Arecibo Observatory.

Although more than 400 pulsars
have been catalogued, only five of
these are known to have an orbiting
companion star; PSR 1855 + 09 will
be the sixth such object. Binary pulsars
are of particular interest because from
their observed orbital periods astro-
physicists can estimate the mass of
neutron stars.

Of even greater interest is the fact
that the signals emanating from pul-
sars are often distinct and regular
enough to serve as a natural clock of
extremely high precision. Indeed, the
fastest pulsar known, PSR 1937 + 21,
has already proved to be comparable
in accuracy and reliability to the best
manmade atomic clocks; the same
may be true for PSR 1855 + 09. Be-
cause the steady ‘ticking” of pul-
sars such as PSR 1937 + 21 and PSR
1855 + 09 is detected across vast ga-
lactic distances, it can be used to verify
the existence of gravitational waves
that may have been generated when
the universe was less than a second old.
The waves are deformations of space-
time that ripple through the universe
and could manifest themselves as un-
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A windmill to pump water for “salt farm-
ing” in India. More efficient woodburning
stoves for the Sahel. Photovoltaic irrigation
pumps for the Somali refugee camps.

All these are solutions to technical prob-
lems in developing countries. Devising
such solutions is no simple task. To apply
the most advanced results of modern sci-
ence to the problems of developing areas
in a form that can be adopted by the people
requires the skills of the best scientists,
engineers, farmers, businessmen—people
whose jobs may involve creating solid state
systems or farming 1000 acres, but who
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predictable but correlated changes in
the timing of the pulses from PSR
1937 + 21 and PSR 1855 + 09.

New Wave

Eght can exhibit particlelike proper-

ties and particles can exhibit wave-
like properties. Although this duality
has been verified repeatedly at the lev-
el of the atom, it is difficult to detect on
a larger scale; for example, the wave-
length of a running dog is less than the
radius of a proton. Now Richard A.
Webb and his colleagues at the IBM
Thomas J. Watson Research Center
have observed this fundamental phys-
ical reality on a superatomic scale
in ordinary matter. They report their
work in Physical Review Letters.

The IBM team exploited a variant of
the Aharonov-Bohm effect, a phenom-
enon that was first predicted in 1959 by
the theoretical physicists Yakir Aharo-
nov of Yeshiva University and David
Bohm of the University of London. In
one demonstration of theeffecta beam
of electrons traveling through a vac-
uum is split in two by a negatively
charged wire. The two partial beams
pass around opposite sides of a sole-
noid (a cylindrical coil of wire) with-
in which a magnetic field has been
confined. The beams are subsequent-
ly recombined.

Aharonov and Bohm correctly pre-
dicted that if the two beams interact to
form an interference pattern, the pat-
tern will vary with the strength of the
magnetic field in the solenoid. The rea-
son is that the interference pattern de-
pends on a property of the electron
known as its phase, which is associated
with its wavelike nature. The phase of
an electron in turn can be shifted by a
quantity known as the magnetic vector
potential, which is associated with the
magnetic field. The two theoreticians
also noted that the physical size of the
apparatus must be extremely small,
since the maximum separation over
which the two parts of the split beam
can remain coherent, or in phase with
respect to their initial values, is 60 mi-
crometers.

The team at IBM decided to test
whether the effect also occurs when
electrons are traveling through ordi-
nary materials. Would collisions be-
tween the electrons and the atoms
in the material destroy the phase of
the electrons? The workers fabricated
minuscule gold rings ranging from .2
to .8 micrometer in diameter and from
.04 to .13 micrometer in width. They
immersed such a ring in a magnetic
field and ran an electric current into it
through one lead and out of it through
another lead attached to the opposite
side. They thereby split the current
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into two parallel paths, mimicking the
Aharonov-Bohm configuration in the
vacuum. To reduce interference from
the motion of the gold atoms the team
chilled the ring to near absolute zero.

By varying the magnetic field and
measuring the resistance of the ring,
Webb and his colleagues Corwin P.
Umbach, Christian Van Haesendonck,
Robert B. Laibowitz and Sean Wash-
burn sought to detect the Aharonov-
Bohm effect. They succeeded: the re-
sistance rose and fell periodically as
the magnetic field increased. Appar-
ently the electrons in each side of the
ring “remembered” their initial phase,
so that their waveforms reinforced
and interfered with one another.

The observance of the effect in ordi-
nary materials may have important
technological ramifications. Supriyo
Datta of Purdue University notes, for
instance, that the wavelengths of elec-
trons in semiconductors are much
longer than their corresponding wave-
lengths in metals. As a result the Aha-

ronov-Bohm effect might be observed.

in relatively large semiconductor de-
vices and might even be employed in
their application.

Flights of Conjecture

hereas the wings of birds origi-

nated from limbs, insect wings
had no such precursors. They must
have evolved gradually from smaller
winglike appendages. What is the use
of such a structure? The evolution of
flying insects during the Devonian pe-
riod, some 400 to 350 million years
ago, turns on the answer; only if such
winglets had some adaptive value
would they have evolved and enlarged
into wings. Some investigators propose
that the winglets had aerodynamic val-
ue from the start, enabling an insect to
glide, float parachutelike on the wind
or stabilize itself while falling.

Like Devonian dry-fly fishermen
fashioning lures, Joel G. Kingsolver of
Brown University and Mimi A. R.
Koehl of the University of California
at Berkeley examined such hypotheses
by building and testing physical mod-
els of ancient insects. Their results, re-
ported in Evolution, indicate that aero-
dynamics did not provide the initial
driving force for the evolution of
winglets. The work supports analterna-
tive hypothesis: that the first winglike
appendages acted as solar collectors,
helping basking insects to raise their
body temperature and become active.

The investigators formed the bodies
of the test models, made in a variety of
sizes and shapes, out of epoxy, a mate-
rial that is similar to the tissue of pres-
ent-day insects in density and thermal
conductivity. For aerodynamic tests
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the workers added wings of plastic film
on a wire frame; for tests of the ther-
moregulatory hypothesis the models
had wings of paper or aluminum foil.
Wingless models served for compari-
son. A wind tunnel and strain gauges
attached to the models enabled King-
solver and Koehl to measure aerody-
namic forces, and a heat lamp and
thermocouples revealed the effect of
wings on body temperature.

The investigators found that wings
shorter than a centimeter or so had no
effect on the aerodynamic characteris-
tics of the model, regardless of body
size or shape. They did not produce
the lift needed for gliding or add to
the drag that enables an insect to trav-
el‘great distances on the wind; nor did
they exert stabilizing forces on a model
placed askew in the air current. Appar-
ently vortexes generated at the wing-
tips dissipate the meager lift or drag
produced by short wings, making them
aerodynamically useless. The winglets
were effective, however, in absorbing
heat and conducting it to the body of
the model insects.

For winglengths of more than a cen-
timeter or two the findings were re-
versed. Longer wings did not warm
the models more effectively than short
wings; heat absorbed farther out on the
wings seems to be transmitted less effi-
ciently to the body. Aerodynamically,
however, the wings became increasing-
ly effective as they lengthened.

Kingsolver and Koehl conclude that
aerodynamics replaced thermoregu-
lation in driving the evolutionary in-
crease in wing length once the wing-
lets reached a length of about a centi-
meter and began generating effective
lift or drag. Because the wing length
at which the transition occurs is less in
relation to body size for larger insects,
the authors suggest that a simple in-
crease in size may have been the event
that pointed insects down the evolu-
tionary road to flight. A proportionate
enlargement of wings and body could
at a stroke have changed the append-
ages from solar collectors to airfoils.

Weighty Problem

People who want to quit smoking are
frequently deterred by the specter
of gaining weight. Their fears are rein-
forced by statistics showing that non-
smokers are generally heavier than
smokers. It is often assumed that such
differences are mediated by appetite.
Smoking, the theory goes, gratifies oral
needs. After quitting, food is substitut-
ed for cigarettes as a source of oral
gratification. The result is weight gain.

Recently, however, a group of inves-
tigators at the University of Lausanne
in Switzerland has found that smoking
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24 cigarettes a day increases the ener-
gy expenditure of the human body by
10 percent. If a person gives up cig-
arettes, the energy that would have
been consumed by smoking is convert-
ed into body weight. The authors cal-
culate that with no change in diet a 24-
cigarette-a-day smoker can be expect-
ed to gain more than 20 pounds as the
direct result of abstinence.

The recent findings, based on obser-
vations of four healthy young male
smokers and four of their female coun-
terparts, were published in the New En-
gland Journal of Medicine. Each subject
was observed twice, once while smok-
ing 24 cigarettes in 24 hours and once
while abstaining for an equal period.
Both 24-hour periods were spent in an
experimental chamber equipped with
devices for measuring levels of oxygen
and carbon dioxide and a radar sys-
tem for measuring the subject’s phys-
ical activity.

The measurements of oxygen and
of carbon dioxide were employed to
compute the energy consumed in me-
tabolism. When not smoking, the sub-
jects expended 2,230 kilocalories in
24 hours on the average. When they
smoked, the figure rose to 2,445. The
difference of about 10 percent persist-
ed after controlling for the subjects’
activities in the chamber. The elevat-
ed level of energy consumption lasted
through the night but disappeared by
morning.

The precise mechanism underlying
the rise in energy expenditure is not
known. One clue comes from the find-
ing that when the subjects smoked, the
heartbeat was 20 percent faster and 45
percent more noradrenaline was ex-
creted. Noradrenaline has an impor-
tant role in the sympathetic nervous
system, which regulates the action of
the heart and the involuntary mus-
cles. The authors suggest that nico-
tine may arouse the sympathetic ner-
vous system, which in turn stimulates
the activity of the heart and other in-
ternal organs.

Taking the Waters

Bath, Baden Baden, Saratoga Springs
and many other old spas testify to
the great age of the notion that immer-
sion in warm mineral water is good for
what ails you. Yet little work has been
done over the centuries to find out
what the precise physiological effects
of the treatment are. Eight workers at
the British Royal Infirmary in Bristol
have now looked into the matter. They
report their results in the British Med-
ical Journal.

First the Bristol group set up its own
spa by bringing in 500 gallons of wa-
ter from Bath. The investigators filled
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*Prizes mayvary from illustrations shown due tomodel changes, svailability,

ircumstances. See your participating GMC Truck dealer for entry
forms, Tﬁ'ﬁuund details. No purchase necessary. Must be 18 or older
to enter. Enter at dealar tyMey a1, 1988. Void where prohibited.
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GRAND PRIZE: A 1986 GMC SAFARI VAN, YOUR
CHOICE OF A REGAL SEBRING 195XL BOWRIDER
BOAT OR A 1986 STARCRAFT 20-FT TRAVEL TRAILER,
PLUS A GREAT ESCAPE FOR FOUR.* You could win a
stylish and accommodating 1986 GMC Safari with the
towing capacity no front-wheel-drive mini-van can match,
plus your choice of a Regal Sebring 195XL bowrider boat or

outdoors. And the opportunity to take off in a brand-new
GMC truck. Even if you haven’t entered the more

mundane sorts of sweepstakes before, you should consider
the unusually attractive opportunities presented by the

GMC Truck Great EWKBS

ft 20-ft travel trailer, plus a ten-day, nine-night
Canyon, Yellowstone and Yosemite

AL SEBRING 195XL BOWRIDER
ARCRAFT 20-FT TRAVEL TRAILER.*

FOUR BONUS PRIZES FOR DEALEHSHIP ENTRIES ONLY: A 1986
GMC LIGHT-DUTY TRUCK, PLUS YOUR CHOICE OF A STARCRAFT
BOAT OR A 1986 STARCRAFT CAMPER.*

Onlythose who register at their GMC Truck dealer are eligible for this
great bonus: a choice of a 1986 GMC Safari, S-15 Pickup, S-15 Jimmy or
Full-Size Pickup, plus a choice of a 1986 Starcraft 24-ft Galaxy camping

trailer or a Starcraft 16-ft Medalist boat and trailer.

GM

Let's getittogether . . . buckle up.
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they

They were never rich.
And most were always poor.
But they managed to live,
through their own hard labor.
The children worked, too,
beginning a lifetime of hard
work early, proud to share the
responsibility of family sur-
vival. Sometimes they went
hungry, but they survived.

Then the drought came.
The worst in years. Suddenly
they were facing death.
Many fled to find new work,
to find food and water. And in
many regions, war blocked
aid that might have come,
and added other terrors and
miseries. This is the crisis
now spreading throughout
Africa—the most serious
situation there in many years.
Oxfam America is working to
send urgently needed sup-
plies to the hardest hit areas,
and to expand our long-range
programs to prevent more
suffering in the future.

Help people survive and
become self-reliant again.
Ask your church, school or

group to join you in helping.
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a tank with the water and maintained
the temperature at 35 degrees Celsius
(slightly less than body temperature).
Four men and four women, all appar-
ently in good health, sat chest-deep in
the water for two hours.

According to the investigators, in
tests following immersion the sub-
jects showed “highly significant diure-
sis” (increased urine flow), a twofold
increase in the excretion of sodium, a
significant increase in the excretion
of potassium, a 5 percent gccline in
the indexes relating to red blood cells
(hemoglobin, packed cell volume and
red-cell count), a small fall in the vis-
cosity of the blood plasma, a 50 per-
cent increase in cardiac output and
a loss in weight that averaged half
a kilogram.

Does all of this do anything for the
bather’s health? The Bristol group not-
ed that the increased cardiac output
was not accompanied by a change in
blood pressure, meaning “there must
have been a corresponding fall in pe-
ripheral resistance” and a rise in pe-
ripheral blood flow, which “may have
beneficial effects” in some diseases.
The investigators also noted a reduc-
tion in edema, or accumulation of fluid
in the body. They conclude that the
therapeutic effects of taking the waters
merit further study.

Such effects, if any, can be had at
considerably less cost than the price of
a trip to Bath, Baden Baden or Sarato-
ga Springs. The Bristol group reports
that two hours in a tub filled with tap
water maintained at 35 degrees C. pro-
duces essentially identical results.

Wonderful and moft EXCELLENT §
agaynlt all difeafes of the ]’)Ody
proceedingofa MOIST CAUSE asRhumes,
Agues,Lethargies, Apoplexies, The Scratch,
| Inflammation of the Fits, hectic fluhes,
| Pockes,deafne((, forgetfulnef]; shakings and
|  WEAKNESSof anyMember

Three R’s

For the foreseeable future, biological
and behavioral investigators and
(to a lesser extent) product testers will
continue to require live animals as sub-
jects, but they can attempt to reduce
the number of animals that are in-
volved and can minimize the subjects’
pain and distress. So says the Congres-
sional Office of Technology Assess-
ment (OTA) in a report titled Alterna-
tives to Animal Use in Research, Testing,
and Education.

The document acknowledges that
there has been increasing public de-
mand for the development of alterna-
tives to animal experimentation as it is
currently carried out. It describes the
feasible alternatives as “the three R’s™:
replacement with nonanimals, reduc-
tion in the numbers of animals re-
quired and refinement of techniques in
order to reduce their pain and distress.

Among the possible replacements
for animals are cultures of organs, tis-
sues and cells, and chemical and physi-
cal systems that mimic biological sys-
tems. (For instance, a new approach
to testing for eye irritancy exposes a
membrane of the chick embryo to a
potential irritant and gauges the se-
verity of the reaction by the degree
of damage to the membrane.) Another
option, computer simulation, is also
promising and is being widely exploit-
ed in education. Even when computers
can be resorted to for research and
testing, however, the report indicates
that some animals will still be needed
to provide the data on which the soft-

#
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VIRTUES OF SPA were extiolled in an 18th-century card from Bath. Recent experiments
suggest that immersion in Bath water and immersion in tap water have the same effects.
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WHAT ARE
ZERO COUPON CERTIFICATES
AND WHY DO THEY BELONG

IN MY IRA?

Think of Zeros as $1,000 bills at half-price.
That's the easiest way to describe the newest
IRA option from Wells Fargo Bank. Each Zero Coupon
Certificate has a guaranteed maturity value of $1,000.

But costs just a fraction of that amount—as little as
$500.That’s half-price!

.r.—_l"‘h

I e e o e
Open your IRA now with tax-sheltered

Zeros at Wells Fargo Bank. Unlike many investments,
Zeros can only go one way—up*

Your investment is guaranteed.
And federally insured.

Now you can plan ahead with confidence. Choose
the exact maturity date of each Zero.And know
exactly what each will be worth if held to maturity.
We guarantee it. In addition,Wells Fargo’s
Zero Coupon Certificates are insured by the ED.I.C.

The longer you hold onto your Zeros,
the less you pay now.

Decide when you want your Zeros to mature.
Then read across on the chart below to discover how
little you pay compared to the face value.

" TimeTo Maturity Value At Maturity Price Per Zero
5 years $1,000 $657
6 years $1,000 $597
7 years $1,000 $545
7+ years $1,000 $500

*All figures and statements assume Zero Coupon Certificates will be held to maturity. Chart
shows example of prices based on a daily compounded rate of 8.402% with a yield of 8.764% for the
5-year term to a daily compounded rate of 8.770% with a yield of 9.165% for the 7+ year term.

Penalty for early withdrawal.

A“Half-Price” Zero brings twice the rewards.
For just $500, you can buy a unique Wells Fargo

Zero Coupon Certificate that will double in value

at its maturity. Begin adding some Zeros to your IRA

each year while you're still young enough, and by

the time you retire you may

be able to pay off a mort-

gage or cruise the world.

Or both.

= =l
e --7I Use Zeros to protect
T 7"“' against risk.
= ,_,I J.P.Morgan said that
the stock market would go
y I up and the market would
= | g godown. By diversifying
’ l your IRA portfolio with
.'.—':'.";." l Wells Fargo Zero Coupon
8 Certificates, you won't be
e l caught with your stocks
down when you need
J the money the most.

Wells Fargo guarantees
to redeem your Zeros before maturity.
If necessary, you can redeem your Zeros early.
Based on the interest climate at that time, you could
receive more or less than your original investment.

Zeros offer an excellent IRA rollover
opportunity.

It may be advantageous to roll over contribu-
tions from another IRA or qualified plan into Wells
Fargo’s IRA Zero Coupon Certificates. For example,
if you and your working spouse have $10,000 in IRA
funds, you could purchase up to 20 Zeros and another
8 with this year’s IRA contribution. For a total guar-
anteed value at maturity of $28,000.

You don't need a broker to buy
Zero Coupon Certificates.

With over one billion dollars in IRA assets alone,
Wells Fargo is the choice of Californians who want
growth and stability. And a broad range of IRA invest-
ment options. Let our IRA Specialists help you make
the most of your money:. Visit a Wells Fargo office
or call us toll free for current rates.

CALL 1-800-BEST IRA
WELLS FARGO BANK
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Millions
of people.

Millions

of d_ollar_s_.

— TP, -
The numbers are impressive, but
they mean little if the people are
not seen and treated as individu-
als and if the money is not admin-
istered as carefully as you would
a single dollar.

At Catholic Relief Services, we
look for need. We give the poor in
70 countries a chance for a life of
hope, rather than the despair of
utter poverty. We see the needy
as individuals, not as members of
a political group or religious con-
gregation. Qur grass-roots as-
sistance is strictly humanitarian
and truly ecumenical—and it has
been that way for 41 years.

Catholic Relief Services works
through small local organizations
overseas, rather than creating its
own costly bureaucracy. One of
those local groups is the Mission-
aries of Charity, Mother Teresa’s
sisters. We provide the food she
distributes to make the dying
destitute a little more comfort-
able. Like Mother Teresa, our
efforts are motivated by Chris-
tian principles. And, like Mother
Teresa, most of the people we
help are not Christian.

Since 1943, we have worked
quietly and effectively, helping
refugees and the victims of disas-
ters of all kinds. We have helped
mothers provide more nutritious
food for their children and sup-
ported small village groups in
their quest for agricultural and
economic self-sufficiency.

Each year, we administer our
programs with a historically low
overhead rate which is less than
5%. Through this judicious use of
our donors’ funds, we have grown
to be the largest and most effec-
tive American private aid agency
working overseas.

We have a proven track record of
translating your concern into con-
crete action. For more informa-
tion, please contact us.

Catholic Relief Services
1011 First Avenue

New York, NY 10022
(212) 838-4700
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ware is based and to prove the validity
and reliability of any program.

Methods for reducing the number of
animal subjects are also varied. Stud-
ies can be designed to yield reliable
information with fewer animals; re-
search projects can be better coordi-
nated, for example to allow workers to
remove several tissues from an animal
at one time. Refinements suggested
by the OTA include administration of
more precise amounts and types of an-
esthetics, more careful monitoring of
pain, the use of instruments that are
noninvasive or that produce minimal
pain and the humane destruction of
animals before they recover from sur-
gical anesthesia.

In addition to describing alterna-
tives to animal use, the OTA report
gives Congress a range of steps it might
take to encourage investigators, testers
and educators to adopt alternatives.
Congress could, for instance, go so far
as to ban either all animal experimen-
tation or the use of certain animals or
procedures; it could fund studies to de-
velop alternatives, or it could mandate
the creation of new data bases to avoid
unintentional duplication of experi-
ments. The OTA stops short of rec-
ommending one action over another,
although it does state that live ani-
mals will continue to be required for
observing the complex interactions of
cells, tissues and organs and that any
outright ban on the use of animals in
research, testing and education “would
effectively arrest” most basic biomedi-
cal and behavioral research and toxi-
cology testing in the U.S. One example
of the kind of work that would be halt-
ed by such a ban is a series of animal
trials now under way to test the effica-
cy of a potential vaccine against AIDs.

The MCC Experiment

he Microelectronics and Com-

puter Technology Corporation
(MCC) of Austin, Tex., was conceived
in 1982 to address two challenges, one
technical and the other economic.
Four years later the company remains
an experiment as exciting—and chan-
cy—as any conducted in its elaborately
equipped facilities.

The technical challenge arises be-
cause current methods of building and
operating computers have progressed
to the point where fundamental physi-
cal limitations hinder further signifi-
cant gains in speed, power and min-
iaturization. The next generation of
technology will most probably be
based, at least in part, on new princi-
ples. Inventing the new technology will
involve a good deal of risk: investiga-
tors are bound to take many wrong
turns, and any successes are not likely
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to show financial profits for some time
to come. The research that is needed is
not the kind that would naturally be
carried out in universities; yet most in-
dividual corporations, which must op-
erate with an eye on their short-term
performance, cannot invest the neces-
sary time, money and talent to create
a completely new technology. Lend--
ing urgency to this problem, from
the point of view of American high-
technology companies, is competition
from Japan, Inc. The orchestrated and
cooperative relations among Japanese
industry, finance, science, labor and
government make Japanese enterpris-
es able to compete formidably in any
electronics market that is not protect-
ed, or privileged by national security.

In early 1982 William C. Norris,
chairman of the Control Data Corpo-
ration, believed he had part of the an-
swer to these problems. Norris’ idea
was to combine the technical and fi-
nancial resources of a large number of
American corporations to form a new
kind of research institution: the pri-
vate-sector research cooperative. Nor-
ris’ idea has a Japanese counterpart in
the interdisciplinary research institu-
tion set up to develop technology for
the so-called fifth generation of com-
puting technology. In the U.S. Norris’
idea was realized as MCC.

An extraordinary concept, MCC
was also unusual in that it found wide-
spread bipartisan support on Capitol
Hill. Congress removed a major re-
straint to the founding of MCC by
passing the Cooperative Research Act
of 1984, which allowed competitors to
work together on certain kinds of long-
range research projects without fear
of antitrust regulations. Members of
Congress of varied political persua-
sion were friendly to the MCC concept
because, as William D. Stotesbery,
MCC’s director of government and
public affairs, puts it, “we were in the
fortunate position of having liberals
view us as an extension of industrial
policy and conservatives as an exten-
sion of laissez faire.”

Industry’s response was also favor-
able. When MCC was founded, it had
12 member companies. It has since
grown to 21: Advanced Micro De-
vices, Allied, Bellcore, BMC, Boeing,
Control Data, Digital Equipment,
Eastman Kodak, Gould, Harris, Hon-
eywell, Lockheed, Martin Marietta,
Minnesota Mining and Manufactur-
ing, Mostek, Motorola, National Semi-
conductor, National Cash Register,
RCA, Rockwell and Sperry.

For the price of a share ($150,000
when MCC was founded, $500,000
when Bellcore, its most recent mem-
ber, joined in 1985) each company re-
ceives the right to spend more mon-
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ey: to invest in one or more of the
cooperative’s four research programs.
In joining MCC a company buys what
is essentially a highly leveraged: re-
search program: for each dollar: in-
vested, the company is allowed to par-
ticipate in many dollars’ worth of re-
search. On joining, a company makes a
commitment to stay in a research pro-
gram for at least three years; after that
time it must give one year’s notice of
any intention to withdraw.

The object of MCC’s research is
to raise the general level of technolo-
gy, not to produce specific products.
MCC’s deliverables are not chips or
machines but rather techniques, con-
figurations and approaches that the
“customers”—the shareholder corpo-
rations—can apply to the development
of new products or can incorporate
into products. In many cases MCC
will deliver not only the systems them-
selves but also the methods by which
the systems were developed.

Companies take part in research
programs in two ways: by direct finan-
cial support and by assigning person-
nel to join MCC’s research staff. Some
of the assigned employees split their
time between doing pure research and
maintaining liaison between MCC and
the parent company; the rest of the
employees assigned by parent compa-
nies have the same status as the inves-
tigators employed directly by MCC.
Of MCC’s 340-person research staff,
17 percent are liaison staff, 16 percent
were assigned to MCC programs by
their parent companies and 67 percent
were hired directly by MCC. Finding
staff was difficult at first. Retired ad-
miral Bobby R. Inman, MCC’s presi-
dent, suggests that ‘“companies were
not always willing to offer their best
talent, particularly if that talent was
working on near-term projects.” MCC
hired many more research staff from
outside parent companies than it had
originally intended.

The four research programs are
“packaging” (developing new ways to
connect the elements on a microchip
with one another and with the machin-
ery in which the chip resides); “soft-
ware technology” (producing proce-
dures and computerized tools that
simplify the task of writing complex
programs for specialized applications);
“very large scale integration/comput-
er-aided design [vLsi/cAD]” (develop-
ing a similar set of tools that can be
applied to the design of complex inte-
grated circuits), and “advanced com-
puter architectures.” The last program
is itself split into four separate re-
search programs: “parallel process-
ing” (hardware and software that en-
able computers to operate at high
speed and to solve certain kinds of
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complex problems by performing
many parts of a task simultaneous-
ly); ‘“data-base-system management”
(methods of storing and retrieving
complex information); “human-fac-
tors technology” (flexible means of
communication between human be-
ings and computers, perhaps includ-
ing speech or handwriting), and “ar-
tificial intelligence [AI]/knowledge-
based systems” (computer systems
that make decisions by applying new
ways of storing knowledge).

Because of MCC’s special nature, its
projects differ in significant ways from
those undertaken in academia or in-
dustry. One difference is that they may
not pay off for many years. One of the
projects in the AI/knowledge-based
systems program, for example, is to
find a way of storing and representing
the “commonsense” knowledge that
human beings bring to decision mak-
ing. To amass commonsense knowl-
edge, MCC is hiring college students to
read encyclopedia articles and to iden-
tify the ideas or concepts each article
assumes the reader knows. Represent-
ing such knowledge in a computer
memory is a trickier problem, and
Douglas B. Lenat, who heads this re-
search team, estimates that gathering
the knowledge base alone will take be-
tween 200 and 300 man-years.

Another characteristic of MCC’s
programs is how much money they
have at their disposal. John R. Hanne,
program director of VLSI/CAD, notes
that “no public company could do
what we’ve done, because what we’ve
done is to overcapitalize,” investing in
a high ratio of expensive equipment to
researchers. On the other hand, he
adds, “no university could put together
electrical engineers, computer scien-
tists, physicists and mathematicians—
all of whom are necessary for this
work—in a stable situation, because
the standard unit in the university is
the department.” Another advantage
is that “I get data, advice and feedback
from the 11 different companies par-
ticipating in the vLSI/CAD program,
rather than just one company.”

The unusual structure of MCC leads
to some unconventional difficulties as
well. The most notable difficulty con-
cerns cooperation between research
programs. In a sense each program is a
limited partnership with a different set
of partners, and so information that
is the intellectual property of one re-
search program is not given freely to
another; if it were, a participant in the
latter program would benefit from re-
search sponsored by other companies.

This problem is particularly trou-
bling because the research programs
have much to gain from one another.
For example, John T. Pinkston, MCC’s
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chief scientist, notes that the process
of designing specialized software and
that of designing a specialized micro-
chip have much in common. In both
procedures one must gradually reduce
what may be an ill-defined “behavior-
al” goal to a specific set of procedures
and mechanisms. Hence “although
the software technology and visi/cabp
programs cannot quite trade software,
they can still understand each other’s
approaches and problems” and would
both profit from close cooperation.

MCC has addressed the problem le-
galistically: whenever two programs
cooperate, they sign a contract, speci-
fying who is to give what to whom.
Every formal cooperation is docu-
mented by a written report. Several of
the program directors have expressed
a mild sense of frustration at the com-
plications of doing the paperwork nec-
essary for cooperation with other pro-
grams. MCC’s executives say that the
most important change they would
make in the cooperative’s structure if
they were to start again from scratch
would be to make every shareholder
participate in every research program.
They acknowledge that such a stipula-
tion might initially have discouraged
most if not all of the parent compa-
nies from joining, since many compa-
nies are interested in only one or two
of MCC’s projects.

Facilitating communication among
research programs has been a major
priority of Inman’s since late in 1984,
he says, about two years after he was
appointed MCC’s president. He be-
lieves the programs have much to gain
from one another, but he adds that a
formal system of documenting various
programs’ contributions to any joint
effort is necessary, because ‘“‘fairness
and equitability are critical in main-
taining the shareholders’ trust.” He is
optimistic about the future of commu-
nication among programs: ‘“The mem-
bers now want more synergism; they
are less concerned about leakage. They
were suspicious at the outset, but they
have been getting friendlier.”

Inman’s background in Government
service—he is a former director of Na-
val Intelligence and of the National
Security Agency and a former deputy
director of the Central Intelligence
Agency—has prepared him well for
managing a research effort that brings
together competing interests. ‘At
NSA,” Inman recalls, “the problem
was, How do you get diverse agencies
and services to work together when
they don’t want to? Before I joined
MCC I thought, Do these companies
know they must work together? The
answer was yes; our Japanese col-
leagues provided that.”

Part of Inman’s approach is to help



the companies understand one anoth-
er’s priorities and needs. One of his
techniques is to hold what he calls an
annual recalibration of goals: “Every
12 to 18 months, in each program, I
get all the participating shareholders
together—without a representative
from MCC’s management—to discuss
goals. Then in the afternoon I come in
and they brief me. I want to getthem to
confront the reality that they have dif-
fering views about goals and process.”

An even more important priority of
Inman’s has been technology transfer:
ensuring that the shareholders are able
to use the new technology developed
at MCC. Inman notes that MCC’s
research effort “speeds up only part
of the process; it does not by itself
guarantee successful competition in
the marketplace.” MCC will not have
been a success if its advances are not
incorporated into the shareholders’
products and methods of operation.

The move from Government service
to the private sector has given Inman
new perspectives on problems the U.S.
faces in international competition. He
says: “I have spent 30 years of my
career looking at the outside world
and the last three and a half looking
at American companies, studying the
emerging technology and our invest-
ment in education.  have moved from
asking [when MCC was starting up]
‘Where is the talent?’ to asking ‘How
do you grow it?’... We must increase
our investment in education at all lev-
els, we must work away from speciali-
zation in high school and college, we
must put in place a process for retrain-
ing, and we must emphasize continu-
ing education in the workplace.”

How well is MCC working? Can
such a cooperative work at all? It is still
too early to answer either question;
most of MCC’s projects will not bear
fruit until a few years from now, and
even then it will not be certain whether
the new technology can find its way
into products. It is clear, however, that
cooperative research efforts such as
MCC can be only part of the solution
to America’s weakening position in in-
ternational competition. “I stand back
from my MCC job,” Inman muses,
“and I ask: Where are the midsize and
smaller firms going to get advice on
manufacturing technology to compete
in the international marketplace?... |
think about the impact new technol-
ogies can have on increasing produc-
tivity—how to attract capital to that?”
To compete successfully the U.S. will
need more than interindustry coopera-
tive research laboratories. It may, in-
deed, need to emulate that ultimate
Japanese innovation, the pattern of
coordination among the various ele-
ments of a country’s economy.
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Islamic Astronomy

While astronomy withered in medieval Europe it flourished in Islam.

Renaissance astronomers learned from the texts of Islamic scholars

who had preserved and transformed the science of the ancient Greeks

istorians who track the devel-
H opment of astronomy from
antiquity to the Renaissance
sometimes refer to the time from the
eighth through the 14th centuries as
the Islamic period. During that inter-
val most astronomical activity took
place in the Middle East, North Africa
and Moorish Spain. While Europe lan-
guished in the Dark Ages, the torch
of ancient scholarship had passed into
Muslim hands. Islamic scholars kept.it
alight, and from them it passed to Ren-
aissance Europe.

Two circumstances fostered the
growth of astronomy in Islamic lands.
One was geographic proximity to the
world of ancient learning, coupled
with a tolerance for scholars of other
creeds. In the ninth century most of the
Greek scientific texts were translated
into Arabic, including Ptolemy’s Syn-
taxis, the apex of ancient astronomy. It
was through these translations that the
Greek works later became known in
medieval Europe. (Indeed, the Synrax-
is is still known primarily by its Ar-
abic name, Almagest, meaning “the
greatest.”)

The second impetus came from Is-
lamic religious observances, which
presented a host of problems in math-
ematical astronomy, mostly related
to timekeeping. In solving these prob-
lems the Islamic scholars went far be-
yond the Greek mathematical meth-
ods. These developments, notably in
the field of trigonometry, provided the
essential tools for the creation of West-
ern Renaissance astronomy.

The traces of medieval Islamic as-
tronomy are conspicuous even today.
When an astronomer refers to the ze-
nith, to azimuth or to algebra, or when
he mentions the stars in the Summer
Triangle—Vega, Altair, Deneb—he is
using words of Arabic origin. Yet al-
though the story of how Greek as-
tronomy passed to the Arabs is com-
paratively well known, the history of
its transformation by Islamic scholars
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by Owen Gingerich

and subsequent retransmission to the
Latin West is only now being written.
Thousands of manuscripts remain
unexamined. Nevertheless, it is possi-
ble to offer at least a fragmentary
sketch of the process.

The House of Wisdom

The foundations of Islamic science
in genéral and of astronomy in particu-
lar were laid two centuries after the
emigration of the prophet Muhammad
from Mecca to Medina in A.D. 622.
This event, called the Hegira, marks
the beginning of the Islamic calendar.
The first centuries of Islam were char-
acterized by a rapid and turbulent ex-
pansion. Not until the late second cen-
tury and early third century of the
Hegira era was there a sufficiently
stable and cosmopolitan atmosphere
in which the sciences could flourish.
Then the new Abbasid dynasty, which
had taken over the caliphate (the lead-
ership of Islam) in 750 and founded
Baghdad as the capital in 762, began to
sponsor translations of Greek texts. In
just a few decades the major scientific
works of antiquity—including those of
Galen, Aristotle, Euclid, Ptolemy, Ar-
chimedes and Apollonius—were trans-
lated into Arabic. The work was done
by Christian and pagan scholars as
well as by Muslims.

The most vigorous patron of this ef-
fort was Caliph al-Ma’mun, who ac-
ceded to power in 813. Al-Ma’'miun
founded an academy called the House
of Wisdom and placed Hunayn ibn
Ishaq al-‘Ibadi, a Nestorian Christian
with an excellent command of Greek,
in charge. Hunayn became the most
celebrated of all translators of Greek
texts. He produced Arabic versions of
Plato, Aristotle and their commenta-
tors, and he translated the works of
the three founders of Greek medicine,
Hippocrates, Galen and Dioscorides.

The academy’s principal transla-
tor of mathematical and astronomical
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works was a pagan named Thabit ibn
Qurra. Thabit was originally a money
changer in the marketplace of Harran,
a town in northern Mesopotamia that
was the center of an astral cult. He
stoutly maintained that the adherents
of this cult had first farmed the land,
built cities and ports and discovered
science, but he was tolerated in the Is-
lamic capital. There he wrote more
than 100 scientific treatises, including
a commentary on the Almagest.

Another mathematical astronomer
at the House of Wisdom was al-
Khwarizmi, whose Algebra, dedicated
to al-Ma’mun, may well have been the
first book on the topic in Arabic. Al-
though it was not particularly impres-
sive as a scientific achievement, it did
help to introduce Hindu as well as
Greek methods into the Islamic world.
Sometime after 1100 it was translated
into Latin by an Englishman, Robert
of Chester, who had gone to Spain
to study mathematics. The translation,
beginning with the words “Dicit Al-
goritmi” (hence the modern word al-
gorithm), had a powerful influence on
medieval Western algebra.

Moreover, its influence is still felt in
all mathematics and science: it marked
the introduction into Europe of “Ara-
bic numerals.”” Along with certain trig-
onometric procedures, the Arabs had
borrowed from India a system of num-
bers that included the zero. The Indian
numerals existed in two forms in the
Islamic world, and it was the West-
ern form that was transmitted through
Spain into medieval Europe. These nu-

STAR MAP of the constellation Perseus is
a medieval Islamic copy of a drawing made
in the 10th century by the Persian astrono-
mer ‘Abd al-Rahman al-Sufi. Al-Safi re-
vised the star catalogue compiled in the sec-
ond century by Ptolemy, the foremost as-
tronomer of ancient times. The illustration
is a page of a manuscript that now belongs
to the Egyptian National Library in Cairo.
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CELESTIAL SPHERE revolving about the earth was conceived by ancient astronomers
to explain the motions of the sun and stars. Its poles and equator are projections onto the sky
of the earth’s poles and Equator. As the sphere turns daily on its axis from east to west the
sun and stars move around the poles along concentric circles. The sun moves slightly slower
than the stars, and so in the course of a year it follows an easterly, circular path, called the
ecliptic, on the celestial sphere. At the vernal and autumnal equinoxes the sun crosses the
celestial equator; at the summer and winter solstices it is about 23.5 degrees above or below
the equator. An observer on the earth sees only the celestial hemisphere above the horizon.

merals, with the explicit zero, are far
more efficient than Roman numerals
for making calculations.

Yet another astronomer in ninth-
century Baghdad was Ahmad al-Far-
ghani. His most important astronomi-
cal work was his Jawami', or Elements,
which helped to spread the more ele-
mentary and nonmathematical parts
of Ptolemy’s earth-centered astrono-
my. The Elements had a considerable
influence in the West. It was twice
translated into Latin in Toledo, once
by John of Seville (Johannes Hispalen-
sis) in the first half of the 12th century,
and more completely by Gerard of
Cremona a few decades later.

Gerard’s translation of al-Farghani
provided Dante with his principal
knowledge of Ptolemaic astronomy.
(In the Divine Comedy the poet ascends
through the spheres of the planets,
which are centered on the earth.) It was
John of Seville’s earlier version, how-
ever, that became better known in the
West. It served as the foundation for
the Sphere of Sacrobosco, a still fur-
ther watered-down account of spheri-
cal astronomy written in the early 13th
century by John of Holywood (Johan-
nes de Sacrobosco). In universities
throughout Western Christendom the
Sphere of Sacrobosco became a long-
term best seller. In the age of printing it
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went through more than 200 editions
before it was superseded by other text-
books in the early 17th century. With
the exception of Euclid’s Elements no
scientific textbook can claim a longer
period of supremacy.

Thus from the House of Wisdom in
ancient Baghdad, with its congenial
tolerance and its unique blending of
cultures, there streamed not only an
impressive sequence of translations
of Greek scientific and philosophical
works but also commentaries and orig-
inal treatises. By A.p. 900 the founda-
tion had been laid tor the full flowering
of an international science, with one
language—Arabic—as its vehicle.

Religious Impetus

A major impetus for the flowering
of astronomy in Islam came from reli-
gious observances, which presented an
assortment of problems in mathemati-
cal astronomy, specifically in spherical
geometry.

At the time of Muhammad both
Christians and Jews observed holy
days, such as Easter and Passover,
whose timing was determined by the
phases of the moon. Both communi-
ties had confronted the fact that the
approximately 29.5-day lunar months
are not commensurable with the 365-
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day solar year: 12 lunar months add up
to only 354 days. To solve the problem
Christians and Jews had adopted a
scheme based on a discovery made in
about 430 B.c. by the Athenian astron-
omer Meton. In the 19-year Metonic
cycle there were 12 years of 12 lunar
months and seven years of 13 lunar
months. The periodic insertion of a
13th month kept calendar dates in step
with the seasons.

Apparently, however, not every ju-
risdiction followed the standard pat-
tern; unscrupulous rulers occasionally
added the 13th month when it suited
their own interests. To Muhammad
this was the work of the devil. In the
Koran (chapter 9, verse 36) he decreed
that “the number of months in the
sight of God is 12 [in a year]—so or-
dained by Him the day He created the
heavens and the earth; of them four are
sacred: that is the straight usage.” Ca-
liph ‘Umar I (634-44) interpreted this
decree as requiring a strictly lunar cal-
endar, which to this day is followed in
most Islamic countries. Because the
Hegira year is about 11 days shorter
than the solar year, holidays such as
Ramadan, the month of fasting, slowly
cycle through the seasons, making
their rounds in about 30 solar years.

Furthermore, Ramadan and the oth-
er Islamic months do not begin at the
astronomical new moon, defined as the
time when the moon has the same ce-
lestial longitude as the sun and is there-
fore invisible; instead they begin when
the thin crescent moon is first sighted
in the western evening sky. Predicting
just when the crescent moon would
become visible was a special chal-
lenge to Islamic mathematical astrono-
mers. Although Ptolemy’s theory of
the complex lunar motion was tolera-
bly accurate near the time of the new
moon, it specified the moon’s path only
with respect to the ecliptic (the sun’s
path on the celestial sphere). To pre-
dict the first visibility of the moon it
was necessary to describe its motion
with respect to the horizon, and this
problem demanded fairly sophisticat-
ed spherical geometry.

Two other religious customs pre-
sented problems requiring the applica-
tion of spherical geometry. One prob-
lem, given the requirement for Mus-
lims to pray toward Mecca and to
orient their mosques in that direction,
was to determine the direction of the
holy city from a givenlocation. Anoth-
er problem was to determine from ce-
lestial bodies the proper times for the
prayers at sunrise, at midday, in the af-
ternoon, at sunset and in the evening.

Solving any of these problems in-
volves finding the unknown sides or
angles of a triangle on the celestial
sphere from the known sides and an-



gles. One way of finding the time of
day, for example, is to construct a tri-
angle whose vertexes are the zenith,
the north celestial pole and the sun’s
position. The observer must know the
altitude of the sun and that of the pole;
the former can be observed, and the
latter is equal to the observer’s lati-
tude. The time is then given by the an-
gle at the intersection of the meridian
(the arc through the zenith and the
pole) and the sun’s hour circle (the
arc through the sun and the pole).

The method Ptolemy used to solve
spherical triangles was a clumsy one
devised late in the first century by
Menelaus of Alexandria. It involved
setting up two intersecting right trian-
gles; by applying the Menelaus theo-
rem it was possible to solve for one of
the six sides, but only if the other five
sides were known. To tell the time
from the sun’s altitude, for instance,
repeated applications of the Menelaus
theorem were required. For medieval
Islamic astronomers there was an ob-
vious challenge to find a simpler trigo-
nometric method.

By the ninth century the six modern
trigonometric functions—sine and co-
sine, tangent and cotangent, secant and
cosecant—had been identified, where-
as Ptolemy knew only a single chord
function. Of the six, five seem to be
essentially Arabic in origin; only the
sine function was introduced into Is-
lam from India. (The etymology of the
word sine is an interesting tale. The
Sanskrit word was ardhajya, meaning
“half chord,” which in Arabic was
shortened and transliterated as jyb. In
Arabic vowels are not spelled out, and
so the word was read as jayb, meaning
“pocket” or “gulf.” In medieval Eu-
rope it was then translated as sinus,
the Latin word for gulf.) From the
ninth century onward the develop-
ment of spherical trigonometry was
rapid. Islamic astronomers discovered
simple trigonometric identities, such
as the law of sines, that made solv-
ing spherical triangles a much simpler
and quicker process.

Stars and Astrolabes

One of the most conspicuous exam-
ples of modern astronomy’s Islamic
heritage is the names of stars. Betel-
geuse, Rigel, Vega, Aldebaran and
Fomalhaut are among the names that
are directly Arabic in origin or are Ar-
abic translations of Ptolemy’s Greek
descriptions.

In the Almagest Ptolemy had pro-
vided a catalogue of more than 1,000
stars. The first critical revision of the
catalogue was compiled by ‘Abd al-
Rahman al-Sufi, a 10th-century Per-
sian astronomer who worked in both
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SOLVING SPHERICAL TRIANGLES was a fundamental problem faced by Islamic as-
tronomers. To tell time from the altitude of the sun, for example, they had to find the hour
angle formed at the north celestial pole by the meridian (the great circle through the zenith
and the poles) and the sun’s hour circle (the great circle through the sun and the poles). At
noon, when the sun crosses the meridian, its altitude is maximum and its hour angle is zero.
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Iran and Baghdad. Al-Sufi’s Kitab su-
war al-kawakib (*Book on the Con-
stellations of Fixed Stars”) did not
add or subtract stars from the Alma-
gest list, nor did it remeasure their of-
ten faulty positions, but it did give im-
proved magnitudes as well as Arabic
identifications. The latter were most-
ly just translations of Ptolemy.

For many years it was assumed that
al-Sufr’'s Arabic had established the
stellar nomenclature in the West. It
now seems that his 14th- and 15th-cen-
tury Latin translators went to a Latin
version of the Arabic edition of Ptole-
my himself for the star descriptions,
which they combined with al-Suff’s
splendid pictorial representations of
the constellations. Meanwhile the Ara-
bic star nomenclature trickled into the
West by another route: the making of
astrolabes.

The astrolabe was a Greek inven-
tion. Essentially it is a two-dimension-
al model of the sky, an analog comput-
er for solving the problems of spheri-
cal astronomy [see “The Astrolabe,”
by J. D. North; SCIENTIFIC AMERICAN,
January, 1974]. A typical astrolabe
consists of a series of brass plates nest-
ed in a brass matrix known in Arabic
as the umm (meaning “womb™). The
uppermost plate, called the ‘ankabir
(meaning “spider™) or in Latin the rete,
is an open network of two or three doz-
en pointers indicating the position of
specific stars. Under the rete are one or
more solid plates, each engraved with
a celestial coordinate system appropri-
ate for observations at a particular lati-
tude: circles of equal altitude above
the horizon (analogous to terrestrial
latitude lines) and circles of equal azi-
muth around the horizon (analogous
to longitude lines). By rotating the rete
about a central pin, which represents
the north celestial pole, the daily mo-
tions of the stars on the celestial sphere
can be reproduced.

Although the astrolabe was known
in antiquity, the earliest dated instru-
ment that has been preserved comes
from the Islamic period [see cover of this
issue). It was made by one Nastulus in
315 of the Hegira era (A.n. 927-28),
and it is now one of the treasures of
the Kuwait National Museum. Only a
handful of 10th-century Arabic astro-
labes exist, whereas nearly 40 have
survived from the 11th and 12th cen-
turies. Several of these were made
in Spain in the mid-11th century and
have a distinctly Moorish style.

The earliest extant Arabic treatise
on the astrolabe was written in Bagh-
dad by one of Caliph al-Ma’miin’s as-
tronomers, ‘All ibn ‘Isa. Later mem-
bers of the Baghdad school, notably al-
Farghani, also wrote on the astrolabe.
Al-Farghani’s treatise was impressive
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for the mathematical way he applied
the instrument to problems in astrolo-
gy, astronomy and timekeeping.
Many of these treatises found their
way to Spain, where they were trans-
lated into Latin in the 12th and 13th
centuries. The most popular work,
which exists today in about 200 Latin
manuscript copies, was long mistaken-
ly attributed to Masha’allah, a Jew-
ish astronomer of the eighth century
who participated in the decision to
found Baghdad; it probably is a later
pastiche from a variety of sources. In
about 1390 this treatise was the basis
for an essay on the astrolabe by the
English poet Geoffrey Chaucer. In-
deed, England seems to have been the
gateway for the introduction of the
astrolabe from Spain into Western
Christendom in the late 13th and 14th
centuries. It is possible that scientific
activity centered at Oxford at the time
contributed to the surge of interest in
the device. Merton and Oriel colleges

of the University of Oxford still own
fine 14th-century astrolabes.

On them one finds typical sets of Ar-
abic star names written in Gothic Latin
letters. Included on the Merton Col-
lege astrolabe, for example, are Arabic
names that have evolved into standard
modern nomenclature: Wega, Altahir,
Algeuze, Rigil, Elfeta, Alferaz and Mi-
rac. Thus as a result of the astrolabe
tradition of Eastern Islam, transmit-
ted through Spain to England, most
navigational stars today have Arabic
names, either indigenous ones or Ara-
bic translations of Ptolemy’s Greek
descriptions.

Refining Ptolemy

It would be wrong to conclude from
the preponderance of Arabic star
names that Islamic astronomers made
exhaustive studies of the sky. On the
contrary, their observations were quite
limited. For instance, the spectacular

ASTROLABE simplified astronomical calculations, including the telling of time. Its nested
brass plates are a projection of the celestial sphere onto two dimensions. The top plate, called
the rete, is an open network of pointers indicating the positions of prominent stars. The off-
center circle on the rete is the ecliptic. Under the rete is a solid plate on which is engraved
a celestial coordinate system for a particular latitude: lines of equal altitude, lines of equal
azimuth and hour circles. By turning the rete around the central pin, which represents the
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supernova (stellar explosion) of 1054,
which produced the Crab Nebula,
went virtually unrecorded in Islamic
texts even though it was widely noted
in China. Modern astronomers struck
by this glaring gap often do not realize
that Islamic astronomers failed to doc-
ument most specific astronomical phe-
nomena. They had little incentive to do
so. Their astrology, unlike that of the
Chinese, depended not so much on un-
usual heavenly omens as on planetary
positions, and these were quite well de-
scribed by the Ptolemaic procedures.

The planetary models that Ptolemy
devised in the second century A.D. had
the sun, the moon and the planets mov-
ing around the earth. A simple circu-
lar orbit, however, could not account
for the fact that a planet periodically
seems to reverse its direction of mo-
tion across the sky. (According to the
modern heliocentric viewpoint, this
apparent retrograde motion occurs
when the earth is passing or being

passed by another planet on its way
around the sun.) Hence Ptolemy had
each planet moving on an epicycle,
a rotating circle whose center moved
about the earth on a larger circle called
the deferent. The epicycle, together
with other geometric devices invented
by Ptolemy, gave a fairly good first
approximation to the apparent motion
of the planets. As a great theoretician,
Ptolemy must have been fairly confi-
dent of the particular geometry of his
models, since he never described how
he settled on it.

On the other hand, the idea of ap-
plying mathematics to a specific nu-
merical description of the physical
world was something rather novel for
the Hellenistic Greeks, quite different
from the pure mathematics of Euclid
and Apollonius. In this part of his pro-
gram Ptolemy must have realized that
improved values for the numerical pa-
rameters of his models were both de-
sirable and inevitable, and so he gave

careful instructions on how to estab-
lish the parameters from a limited
number of selected observations. The
Islamic astronomers learned this les-
son all too well. They limited their
observations, or at least the few they
chose to record, primarily to measure-
ments that could be used for rederiv-
ing key parameters. These included the
orientation and eccentricity of the so-
lar orbit and the inclination of the
ecliptic plane.

An impressive example of an Islam-
ic astronomer working strictly within a
Ptolemaic framework but establishing
new values for Ptolemy’s parameters
was Muhammad al-Battani, a young-
er contemporary of Thabit ibn Qurra.
Al-Battani’s Zij (“‘Astronomical Ta-
bles™) is still admired as one of the
most important astronomical works
between the time of Ptolemy and that
of Copernicus. Among other things,
al-Battani was able to establish the po-
sition of the solar orbit (equivalent in
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north celestial pole, one could reproduce the daily motions of the
stars. The first step in telling the time was to determine the altitude
of the sun (or of a star) with the help of a sighting bar and a degree
scale on the back of the astrolabe. Next the rete was turned until
the position of the sun on the ecliptic (or the star pointer) was at the
correct altitude line. The hour angle was then given by the angle at
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the central pin between the meridian line and a line through the ob-
ject’s position. The astrolabe shown here was made in England in
the 14th century and belongs to Merton College of the University
of Oxford. Astrolabes were the chief means by which Arabic star
names were transmitted to the West. Names such as Wega, Altahir,
Algeuze, Rigil, Elfeta and Alferaz are visible in the photograph.
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modern terms to finding the position of
the earth’s orbit) with better success
than Ptolemy had achieved.

Because al-Battani does not describe
his observations in detail, it is not clear
whether he adopted an observational
strategy different from that of Ptole-
my. In any case his results were good,
and centuries later his parameters for
the solar orbit were widely known in
Europe. His Zij first made its way to
Spain. There it was translated into Lat-
in early in the 12th century and into
Castilian a little more than 100 years

later. The fact that only a single Arabic
manuscript copy survives (in the Es-
corial Library near Madrid) suggests
that al-Battani’s astronomy was not as
highly regarded in Islam as it was in
Europe, where the advent of printing
ensured its survival and in particular
made it available to Copernicus and
his contemporaries. In De revolutioni-
bus orbium coelestium (““On the Revolu-
tions of the Heavenly Spheres”) the
Polish astronomer mentions his ninth-
century Muslim predecessor no fewer
than 23 times.

In contrast, one of the greatest as-
tronomers of medieval Islam, ‘Ali ibn
‘Abd al-Rahman ibn Ytinus, remained
completely unknown to European as-
tronomers of the Renaissance. Work-
ing in Cairo a century after al-Battani,
Ibn Yunus wrote a major astronomical
handbook called the Hakimi Zij. Un-
like other Arabic astronomers, he pref-
aced his Zij with a series of more than
100 observations, mostly of eclipses
and planetary conjunctions. Although
Ibn Ytinus’ handbook was widely used
in Islam, and his timekeeping tables

<

\
\

JUPITER

PTOLEMAIC SYSTEM placed the sun, the moon and the planets
in orbit around the earth. The moon and the five known planets
moved on subsidiary circles, called epicycles, whose centers rode
on larger circles called deferents. The epicycles reproduced the ap-
parent retrograde motion of the planets (right). Even outside the
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retrograde loops, however, the orbital speed of a planet varies. To
represent this nonuniform motion Ptolemy adopted two further ge-
ometric devices. First, he made the deferents eccentric, that is, he
moved their centers away from the earth. Second, he assumed that
the angular motion of a planet was uniform around the equant, a
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survived in use in Cairo into the 19th
century, his work became known in the
West less than 200 years ago.
Throughout the entire Islamic peri-
od astronomers stayed securely within
the geocentric framework. For this one
should not criticize them too harshly.
Until Galileo’s telescopic observations
of the phases of Venus in 1610, no ob-
servational evidence could be brought
against the Ptolemaic system. Even
Galileo’s observations could not dis-
tinguish between the geo-heliocentric
system of Tycho Brahe (in which the
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point opposite the deferent center from the
earth and at an equal distance. Some medie-
val Islamic astronomers considered Ptole-
my’s equants as well as his eccentric def-
erents to be philosophically objectionable.

other planets revolved about the sun
but the sun revolved about the earth)
and the purely heliocentric system of
Copernicus [see “The Galileo Affair,”
by Owen Gingerich; SCIENTIFIC AMER-
ICAN, August, 1982]. Furthermore, al-
though Islamic astronomers followed
Ptolemy’s injunction to test his results,
they did not limit themselves simply to
improving his parameters. The techni-
cal details of his models were not im-
mune from criticism. These attacks,
however, were invariably launched on
philosophical rather than on observa-
tional grounds.

Doubting Ptolemy

Ptolemy’s models were essentially
a mathematical system for predicting
the positions of the planets. Yet in the
Planetary Hypotheses he did try to fit
the models into a cosmological system,
the Aristotelian scheme of tightly nest-
ed spheres centered on the earth. He
placed the nearest point of Mercury’s
path immediately beyond the most dis-
tant point of the moon’s path; immedi-
ately beyond the farthest excursion of
Mercury lay the nearest approach of
Venus, and so on through the spheres
for the sun, Mars, Jupiter and Saturn.

To reproduce the observed nonuni-
form motions of the planets, however,
Ptolemy adopted two purely geomet-
ric devices in addition to the epicycle.
First, he placed the deferent circles off-
center with respect to the earth. Sec-
ond, he made the ingenious assump-
tion that the motion of celestial bodies
was uniform not around the earth,
nor around the centers of their defer-
ents, but instead around a point called
the equant that was opposite the earth
from the deferent center and at an
equal distance. Eccentric deferents
and equants did a good job of repre-
senting the varying speeds with which
planets are seen to move across the
sky, but to some minds they were phil-
osophically offensive.

The equant in particular was objec-
tionable to philosophers who thought
of planetary spheres as real physical
objects, each sphere driven by the one
outside it (and the outermost driven
by the prime mover), and who wanted
to be able to construct a mechanical
model of the system. For example,
as was pointed out by Maimonides, a
Jewish scholar of the 12th century
who worked in Spain and Cairo, the
equant point for Saturn fell right on
the spheres for Mercury. This was
clearly awkward from a mechanical
point of view. Furthermore, the equant
violated the philosophical notion that
heavenly bodies should be moved by
a system of perfect circles, each of
which rotated with uniform angular
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velocity about its center. To some pur-
ists even Ptolemy’s eccentric deferents,
which moved the earth away from the
center of things, were philosophically
unsatisfactory.

The Islamic astronomers adopted
the Ptolemaic-Aristotelian cosmolo-
gy, but eventually criticism emerged.
One of the first critics was Ibn al-Hay-
tham (Alhazen), a leading physicist
of 11th-century Cairo. In his Doubts on
Prolemy he complained that the equant
failed to satisfy the requirement of uni-
form circular motion, and he went so
far as to declare the planetary models
of the Almagest false.

Only one of Ibn al-Haytham’s astro-
nomical works, a book called On the
Configuration of the World, penetrated
into Latin Europe in the Middle Ages.
In it he attempted to discover the
physical reality underlying Ptolemy’s
mathematical models. Conceiving of
the heavens in terms of concentric
spheres and shells, he tried to assign a
single spherical body to each of the
Almagest’s simple motions. The work
was translated into Castilian in the
court of Alfonso the Wise, and early in
the 14th century from Castilian into
Latin. Either this version or a Latin
translation of one of Ibn al-Haytham’s
popularizers had a major influence in
early Renaissance Europe. The con-
cept of separate celestial spheres for
each component of Ptolemy’s plan-
etary motions gained wide currency
through a textbook, Theorica novae
planetarum, written by the Viennese
Georg Peurbach in about 1454.

Meanwhile, in the 12th century in
the western Islamic region of Andalu-
sia, the astronomer and philosopher
Ibn Rushd (Averroés) gradually devel-
oped a somewhat more extreme crit-
icism of Ptolemy. “To assert the exis-
tence of an eccentric sphere or an epi-
cyclic sphere is contrary to nature...,”
he wrote. “The astronomy of our time
offers no truth, but only agrees with the
calculations and not with what exists.”
Averroés rejected Ptolemy’s eccentric
deferents and argued for a strictly con-
centric model of the universe.

An Andalusian contemporary, Abu
Ishaq al-Bitraji, actually tried to for-
mulate such a strictly geocentric mod-
el. The results were disastrous. For ex-
ample, in al-Bitroji’s system Saturn
could on occasion deviate from the
ecliptic by as much as 26 degrees (in-
stead of the required three degrees). As
for the observed motions that led Ptol-
emy to propose the equant, they were
completely ignored. In the words of
one modern commentator, al-Bitraji
“heaps chaos on confusion.” Never-
theless, early in the 13th century his
work was translated into Latin under
the name Alpetragius, and from about
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1230 on his ideas were widely dis-
cussed throughout Europe. Even Co-
pernicus cited his order of the planets,
which placed Venus beyond the sun.

At the other end of the Islamic world
a fresh critique of the Ptolemaic mech-
anisms was undertaken in the 13th cen-
tury by Nasir al-Din al-Tasi. One of
the most prolific Islamic polymaths,
with 150 known treatises and letters to
his credit, al-Tusi also constructed a
major observatory at Maragha (the
present-day Maragheh in Iran).

Al-Tusi found the equant particu-
larly dissatisfactory. In his Tadhkira
(“Memorandum™) he replaced it by
adding two more small epicycles to the
model of each planet’s orbit. Through
this ingenious device al-Tusi was able
to achieve his goal of generating the
nonuniform motions of the planets by
combinations of uniformly rotating
circles. The centers of the deferents,
however, were still displaced from the
earth. Two other astronomers at the
Maragha observatory, Mu'ayyad al-
Din al-‘Urdi and Qutb al-Din al-Shira-
z1, offered an alternative arrangement,
but this system too retained the philo-
sophically objectionable eccentricity.

Finally a completely concentric re-
arrangement of the planetary mecha-
nisms was achieved by Ibn al-Shatir,
who worked in Damascus in about
1350. By using a scheme related to that
of al-Tusi, Ibn al-Shatir succeeded in
eliminating not only the equant but
also certain other objectionable cir-
cles from Ptolemy’s constructions. He
thereby cleared the way for a perfectly
nested and mechanically acceptable
set of celestial spheres. (He described
his work thus: “I found that the most
distinguished of the later astronomers
had adduced indisputable doubts con-
cerning the well-known astronomy
of the spheres according to Ptolemy.
I therefore asked Almighty God to
give me inspiration and help me to in-
vent models that would achieve what
was required, and God—may He be
praised and exalted—did enable me to
devise universal models for the plane-
tary motions in longitude and latitude
and all other observable features of
their motions, models that were free
from the doubts surrounding previous
ones.””) Yet Ibn al-Shatir’s solution,
along with the work of the Maragha
astronomers, remained generally un-
known in medieval Europe.

Influence on Copernicus?

Ibn al-Shatir’s forgotten model was
rediscovered in the late 1950’s by E. S.
Kennedy and hisstudents at the Amer-
ican University of Beirut. The discov-
ery raised an intriguing question. It
was quickly recognized that the Ibn al-

Shatir and Maragha inventions were
the same type of mechanism used by
Copernicus a few centuries later to
eliminate the equant and to generate
the intricate changes in the position
of the earth’s orbit. Copernicus, of
course, adopted a heliocentric arrange-
ment, but the problem of accounting
for the slow but regular changes in a
planet’s orbital speed remained exact-
ly the same. Since Copernicus agreed
with the philosophical objections to
the equant—like some of his Islamic
predecessors, he apparently believed
celestial motions were driven by physi-
cal, crystalline spheres—he too sought
to replace Ptolemy’s device. In a pre-
liminary work, the Commentariolus, he
employed an arrangement equivalent
to Ibn al-Shatir’s. Later, in De revolu-
rionibus, he reverted to the use of ec-
centric orbits, adopting a model that
was the sun-centered equivalent of the
one developed at Maragha.

Could Copernicus have been influ-
enced by the Maragha astronomers or
by Ibn al-Shatir? No Latin transla-
tion has been found of any of their
works or indeed of any work describ-
ing their models. It is conceivable that
Copernicus saw an Arabic manuscript
while he was studying in Italy (from
1496 to 1503) and had it translat-
ed, but this seems highly improbable.
A Greek translation of some of the
al-Tasi material is known to have
reached Rome in the 15th century
(many Greek manuscripts were car-
ried west after the fall of Constantino-
ple in 1453), but there is no evidence
that Copernicus ever saw it.

Scholars are currently divided over
whether Copernicus got his method
for replacing the equant by some un-
known route from the Islamic world or
whether he found it on his own. I per-
sonally believe he could have invented
the method independently.

Nevertheless, the whole idea of criti-
cizing Ptolemy and eliminating the
equant is part of the climate of opinion
inherited by the Latin West from Is-
lam. The Islamic astronomers would
probably have been astonished and
even horrified by the revolution start-
ed by Copernicus. Yet his motives
were not completely different from
theirs. In eliminating the equant, and
even in placing the planets in orbit
around the sun, Copernicus was in
part trying to formulate a mechanical-
ly functional system, one that offered
not only a mathematical representa-
tion but also a physical explanation of
planetary motions. In a profound sense
he was simply working out the impli-
cations of an astronomy founded by
Ptolemy but transformed by the Islam-
ic astronomers. Today that heritage
belongs to the entire world of science.
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Internal Rhythms in Bird Migration

Migratory birds have a clock that tells them when to begin and end

their flight. It is based on rhythms with a period of about a year.

Remarkably, the clock also helps the birds to find their destinations

he sight of a flock of birds mi-

I grating south in the fall or north

in the spring hardly ever fails to
evoke a sense of wonder. The flight
may be the orderly aerobatics of a V
of Canada geese or the ragtag progress
of a group of starlings. Whatever its
details, the overwhelming impression
conveyed to the observer is that of a
powerful inner impulse. The birds do
not hesitate in their flight; they travel
smoothly and unerringly toward a goal
far out of the viewer’s sight. Where
does the impulse come from that
guides the birds toward warmer cli-
mates in winter and brings them back
to their northern breeding grounds in
the spring?

There are two possible kinds of an-
swer to the question. The first is that
the impulse springs from factors origi-
nating outside the bird, in its environ-
ment. Among those that come to mind
immediately are the changes in tem-
perature and in the duration of day-
light that accompany the transition
from season to season. A decrease in
day length or in temperature might be
sufficient to trigger the physiological
responses that send the bird south;
increases in those factors might trig-
ger the converse physiological chang-
es, sending the bird north again. The
second general kind of explanation
is that the impulse comes from with-
in the bird.

In the past most research on the con-
trol of bird migration has concentrated
on the influence of external factors.
For the past 20 years, however, my
colleagues and I have been studying
the effect of internal rhythms on the
migratory pattern. We have concluded
that endogenous rhythms with a peri-
od of about a year have a powerful
influence on when and how migration
takes place. Such “circannual” cycles
seem to provide an overall framework
for the timing of migration. In addition
they affect the details of the migratory
flight, perhaps even helping the birds
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by Eberhard Gwinner

to navigate toward specific targets.
Circannual rhythms can be modified
by environmental factors and by learn-
ing. Nevertheless, in identifying them
it seems we have discovered an essen-
tial component of the mechanism that
controls avian migration.

ince our institute, the Vogelwarte
Radolfzell, lies in southern Ger-
many, it was natural for us to study
species that participate in the Palae-
arctic-African system of bird migra-
tions. The Palaearctic-African system
is one of several great systems of avian
migration, each of which encompasses
the flight paths of many species. A sec-
ond migratory system connects North
America with Central and South
America; a third stretches from north-
eastern Asia to southeastern Asia and
Australia. Since a large proportion of
the birds that live in temperate ar-
eas migrate every year to southern re-
gions, these migratory systems can be
very large and complex. Of them, the
Palaearctic-African one has been the
most closely studied.

Much of what is known about the
Palaearctic-African system has come
from bird-banding experiments that
began in Europe around the turn of the
century. More than 60 million birds
have been banded in Europe over the
years, and the recovery of more than
one million of them has yielded con-
siderable information about their
routes and wintering grounds. Partly
on the basis of such information R. E.
Moreau of the Edward Grey Institute

in England has estimated that every
year more than five billion birds in-
vade Africa from Europe. The winter-
ing grounds of the invaders extend
from northern Africa to the Cape of
Good Hope, and the distances they
cover vary greatly. Whereas a wood-
cock may travel only a few hundred
kilometers across the Mediterranean,
a Siberian ruff may have to fly more
than 12,000 kilometers across Asia
and eastern Europe before reaching its
winter home in central Africa.

For the most part our experiments
have been carried out with European
warblers (of the family Sylviidae) and
flycatchers (of the family Muscicapi-
dae). In studying how migration is con-
trolled among birds of these species
there were three main questions that
had to be answered. The first was how
the timing of migration is controlled.
The second was how the bird is able
to navigate to a specific target area
on each leg of the migration. The
third was how the organism can with-
stand the great energetic demands im-
posed by long-distance flying, particu-
larly across oceans or deserts, where
the bird cannot easily replenish deplet-
ed energy reserves.

All three questions are interesting,
but investigating them simultaneously
would have made for a somewhat un-
wieldy project. Accordingly our re-
search strategy did not give the three
questions equal attention. Instead,
from the beginning of our work in the
mid-1960’s we concentrated on migra-
tional timing. Specifically, we wanted

ORIENTATION CAGE was used by the author to test the directional preferences of mi-
gratory birds at various times of the year. The cage has eight pairs of perches (upper panel).
Each perch is connected by a string to a microswitch (lower panel). When the bird jumps on
one of the perches, the microswitch completes a circuit and a nearby event recorder (not
shown) registers the electrical impulses. The apparatus makes it possible to find out which
part of the cage (and thus which compass direction) the bird prefers. By this means the
author was able to show that the directional preferences of migratory birds undergo season-
al changes as the result of endogenous rhythms. The bird studied in the author’s experi-
ments was the garden warbler (Syl/via borin), and that is the species shown in the apparatus.
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to identify the source of the informa-
tion that causes the bird to prepare for
migration, begin its travels and ulti-
mately terminate the migratory flight.
In attempting to understand the prob-
lem of timing, however, we also ob-
tained results that can aid in answering
the other two questions.

Ultimately we carried out a long se-
ries of experiments aimed at elucidat-
ing the control of migratory timing. In
many of them caged birds were care-
fully observed in order to detect the
appearance of behaviors associated
with migration. Such behaviors were
of great significance in our work, be-
cause they served as indicators of the
successive stages of the annual migra-
tory cycle. One example is “migratory

restlessness.” The warblers and fly-
catchers we studied are nocturnal mi-
grants: they fly at night and rest during
the day. If the birds are held in cages
during the fall or spring, when they
would normally be migrating, they are

- intensely active at night. Such restless-

ness, which can take several forms, is a
sign that the physiological events un-
derlying migration have begun.

Migratory restlessness had a crucial
role in the first experiment of the
series, conducted in 1966. The goal
of that work was to find out how the
spring migration is initiated in the wil-
low warbler (Phylloscopus trochilus).
The willow warbler is a small, incon-
spicuous bird. Its breeding ground ex-

tends over much of central and north-
ern Eurasia, and its wintering grounds
are in tropical regions of the Southern
Hemisphere. The willow warblers we
worked with breed in Germany and
spend the winter in equatorial Africa.

When we began our work, it was
already known that for some short-
distance migrants changes in the pho-
toperiod, or the average duration of
daylight, provide an important stim-
ulus for the beginning of migration.
Of course in equatorial Africa, where
the warbler spends the winter, the pho-
toperiod undergoes little seasonal var-
iation. Since the photoperiod varies so
little, it seemed unlikely that light cues
had much of a role in initiating the
bird’s spring migration. It was tempt-
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GARDEN WARBLER
(SYLVIA BORIN)

BLACKCAP
(SYLVIA ATRICAPILLA)

TWO SPECIES of warblers are among the birds studied by the
author. At the left is the garden warbler and at the right is the
blackcap (Sylvia atricapilla). Both are small and visually inconspic-
uous, but they are excellent songsters. Above each bird is a map
depicting its breeding range (gray) and winter range (color). In fall
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the birds leave their breeding ranges and head south. Garden war-
blers spend the winter in central and southern Africa. Most black-
caps winter in southern Europe or in Africa north of the Equator;
some blackcaps from eastern populations migrate to southern Afri-
ca. In spring the birds return to Europe and northern Asia to breed.
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ing to hypothesize that an internal tim-
ing mechanism triggers the homeward
journey with no assistance from exter-
nal stimuli.

To test that hypothesis I investigated
the behavior of three groups of willow
warblers. All three groups were held in
experimental cages that made it possi-
ble to measure the degree of their mi-
gratory restlessness. In most warblers
the nocturnal activity generally takes
the form of hopping: the birds leap on
and off their perches and jump around
the cage almost continuously. Micro-
switches were mounted under one of
the perches in the experimental cage.
When the bird hopped on the perch,
the microswitch completed a circuit
and caused a nearby event recorder to
make a mark on a strip of paper. By
counting the number of intervals (half
hours, say) in which the bird was ac-
tive, it was possible to measure the in-
tensity of the restlessness.

One group of birds was held in
our laboratory at a constant temper-
ature and under a constant photope-
riod of 12 hours per day. The aim of
the experiment was to see whether
those birds would undergo the season-
al events associated with migration on
the normal schedule without external
cues. As a control, a second group was
transported to a place in eastern Zaire
at a latitude of about two degrees
south that lies within the bird’s normal
wintering range. A third group was
held throughout the winter at our insti-
tute in a room with large windows and
was thereby exposed to the variation in
photoperiod typical of temperate re-
gions. The three groups were held in
individual cages to determine the end
of the fall migratory restlessness and
its onset in the spring.

The results of the experiment were
quite clear-cut. In all three groups the
fall migratory restlessness ended dur-
ing December and January and the
spring restlessness began during Feb-
ruary and March. That is the pattern
typical of willow warblers in the wild.
Furthermore, each group molted (re-
newed its plumage) at the correct time.
Molting patterns vary widely among
bird species. For each species, how-
ever, the molt takes place at a fixed
time in relation to the migratory flight.
Free-living willow warblers carry out
a full molt in midwinter, just after
reaching their wintering grounds, and
that is when all three groups of caged
birds molted.

The fact that warblers under con-
stant conditions of light and temper-
ature adhere to the normal schedule
of molting and restlessness suggested
that the birds exploit internal cues
to time their seasonal activities. The
precise timing mechanism was un-

PHOTOPERIOD (HOURS)

HALF HOURS WITH NOCTURNAL ACTIVITY

TIME OF YEAR (MONTH)

INTERNAL CUES underlie the timing of migration, as was suggested by an experiment
carried out with three groups of willow warblers (Phylloscopus trochilus). Each pair of pan-
els gives data for one group of birds. The upper curve indicates the photoperiod: the number
of hours of daylight to which the birds were exposed. The lower curve shows the intensity of
migratory restlessness (nocturnal activity displayed by caged birds when they would other-
wise be migrating); the bar shows the timing of the winter molt, which is fixed in relation to
migration. One group of warblers was held through the fall and winter in the author’s lab-
oratory in Germany and exposed to the normal variation in photoperiod there (fop). Two
groups of birds were denied that seasonal stimulus. One group was transported in Septem-
ber to equatorial Zaire, where there is little variation in photoperiod (middle). The other
was held in the laboratory, where from September on it was exposed to a constant photope-
riod of 12 hours (bottom). All three groups molted and underwent migratory restlessness
on the normal yearly schedule, indicating that those events are motivated by an internal
timekeeping mechanism rather than by seasonal cues such as the variation in photoperiod.

clear, however, because the results of
the willow warbler experiment could
be interpreted two ways. The correct
timing of the events in winter might be
due to an internal mechanism that is
set in motion each spring in the breed-
ing area. Such a mechanism would re-
semble an hourglass in that it would
run for only a year before needing to
be reset by external stimuli. On the
other hand, the scheduling of seasonal
events might reflect the operation of a
mechanism that is more like a clock:
an endogenous annual rhythm that
continues to operate for many years
without needing to be restarted.

The 1966 experiment did not enable
us to decide which conclusion was cor-
rect, but my colleague Peter Berthold
and I soon devised experiments that
did. The bird we studied in the new
experiments was the garden warbler
(Sylvia borin), a species whose migrato-
ry patterns closely resemble those of
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the willow warbler. Three groups of
garden warblers were exposed to a
constant photoperiod for three years.
For one group the period of light was
10 hours, for the second group it was
12 and for the third it was 16. In each
case the results were the same: the mi-
gratory restlessness, molting and other
related behaviors continued in a regu-
lar yearly pattern for the entire term of
the experiment.

ubsequently we carried out an even
longerexperiment with garden war-
blers and blackcaps (Sylvia atricapilla).
As before, the birds were exposed to
an unchanging period of daylight. This
time, however, we watched only for
molting, which has turned out to be
one of the most reliable indicators of
cyclical yearly timing. Blackcaps and
garden warblers in the wild molt twice
a year. Under the experimental condi-
tions both species continued to molt
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CIRCANNUAL RHYTHMS control the timing of seasonal events in some bird species, as
was shown in a long-running experiment with blackcaps and garden warblers. Both species
molt twice a year, once in winter and once in summer. The birds were held under conditions
of constant temperature and photoperiod while the timing of the molts was observed. Re-
sults for one blackcap are shown in the upper panel, those for one garden warbler in the
lower panel. Black bars correspond to summer molts, colored bars to winter molts. The
molts took place on a regular schedule for up to 10 years under constant environmental
conditions. The period between annual events, however, was only about 10 months. (For
example, each pair of winter molts occurred about 10 months apart.) Hence the birds
molted somewhat earlier each year. Because the period of such internal rhythms is not
precisely one year, the rhythms are called circannual, from the Latin for “about a year.”

about twice a year for eight years, or
even longer. The results of the two
sets of experiments showed unambig-
uously that the small birds have a
rhythmicinternal timekeeper thatfunc-
tions to elicit the seasonal events in
the right order.

t was notable that under constant

environmental conditions the peri-
od of the internal rhythm was not ex-
actly a year. For example, the winter
molts of the caged blackcaps took
place about every 10 months rather
than every 12. This is the reason such
endogenous oscillations are described
as circannual, a word that comes from
the Latin for “about a year.” Circannu-
al rhythms were first described some
25 years ago by Eric T. Pengelley
and Kenneth C. Fisher of the Univer-
sity of Toronto in ground squirrels
[see “Annual Biological Clocks,” by
Eric T. Pengelley and Sally J. As-
mundson; SCIENTIFIC AMERICAN, April,
1971]. Since then similar periodic phe-
nomena have been described in a
broad range of organisms including
coelenterates, insects, fishes, amphib-
ians, reptiles and mammals in addi-
tion to birds.

The fact that the oscillations we
observed in the garden warblers and
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blackcaps deviated from one year had
two significant implications. First, it
proved that the circannual rhythms
could not have been due to the influ-
ence of uncontrolled seasonal stimuli
present in the laboratory. If an uncon-
trolled seasonal stimulus had caused
the observed rhythms, they would
have had a period of precisely one
year; that the circannual rhythms devi-
ated from one year showed they are
internal and spontaneous.

The second implication is that since
in nature seasonal activities such as
molting and migration always occur
at the same time of year, there must be
a factor that brings the approximate-
ly annual internal rhythms into cor-
respondence with the solar year. The
synchronizer was not difficult to find.
We were able to synchronize a group
of warblers so that they underwent mi-
gratory restlessness and molted on an
exact annual cycle simply by simulat-
ing the yearly variation in photoperi-
od at 40 degrees north latitude, which
lies in the warblers’ European breed-
ing ground. Even more striking was
the finding that the circannual rhythm
could be compressed to half its normal
duration by increasing and decreasing
the photoperiod on a six-month cycle
instead of a 12-month cycle.
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So far we had established that the
circannual rhythm, modified appro-
priately by environmental factors, sets
the pace for the overall seasonal pat-
tern of events. It seemed important to
find out whether endogenous rhythms
can also affect the details of the mi-
gratory flight, such as its duration and
even its ultimate target. In order to
study those questions we had to work
with birds that we knew could not
have learned a specific migratory route
from experience.

Now, almost all the birds in our ex-
periments are reared by human beings.
When the birds are about a week old,
they are separated from their parents
and raised by the laboratory staff, who
feed them worms, insect larvae and
other tempting morsels. This process,
which we call hand raising, has at least
two appreciable advantages for our
kind of work. One is that by the time
the birds are put in an experimental
setup they are completely accustomed
to the cage; hence they refrain from the
erratic behavior seen in wild birds
when first caged. Such erratic behavior
would interfere with the experimental
results, particularly in the study of mi-
gratory restlessness.

The other great advantage is that if
the birds are hand-raised, their age, or-
igin and history are known. As a result,
when we came to study the influence of
circannual rhythms on the details of
the migratory pattern, we could rule
out the influence of learning by work-
ing with birds we knew had never mi-
grated. We found the inexperienced
birds showed patterns of restlessness
that mirrored the course of the migra-
tional flight in wild birds. Caged wil-
low warblers showed the most intense
restlessness in August and September,
which is the time free-living birds cross
the Mediterranean Sea and the Sahara.
Thereafter the nocturnal activity of
the caged birds decreased, just as the
migrational flight decelerates when the
wild birds approach their winter home.
The restlessness ended at about the
time the free-living warblers reach the
wintering ground.

Such results suggested that the willow
warbler does not acquire the over-
all time course of its migration by
learning. Additional work made it pos-
sible to generalize the conclusion. We
found that in inexperienced, caged
birds the duration of migratory rest-
lessness was proportional to the dis-
tance covered by the species in its fall
migratory flight. My colleagues Peter
Berthold and Ulrich Querner showed
that this correlation also holds within
one species. They compared blackcaps
from breeding grounds in Finland,
Germany, France and the Canary Is-



lands. The Finnish birds, which must
travel farthest to reach central Africa,
showed the most activity, followed re-
spectively by the German, French and
Canary Islands birds, which travel pro-
gressively shorter distances.

Berthold and Querner exploited the
variation among the subpopulations
of blackcaps to show that the time
course of migration is genetically pro-
grammed. Their strategy was to cross
German blackcaps with those from the
Canary Islands to see what chronolog-
ical pattern of migratory restlessness
the offspring would display. If, as they
hypothesized, the pattern was genetic,
then the offspring should show a de-
gree of restlessness intermediate be-
tween the two parental groups. The
reason is that any behavior as complex
as migration probably results from the
operation of many genes, and the in-
heritance of polygenic traits often
takes the form of an average of paren-
tal extremes.

Breeding blackcaps in captivity is an
arduous and frustrating task, but Ber-
thold and Querner persisted until they
had obtained 32 hybrids from German
and Canary Islands parents. The birds
were hand-raised and held in cages un-
til their first autumn, when the intensi-
ty of their migratory restlessness was
measured. The results were just as pre-
dicted by the polygenic hypothesis: the
hybrid birds developed a pattern of
nocturnal activity almost exactly inter-
mediate between those of the parental
populations.

The breeding experiment carried out
by Berthold and Querner showed in-
disputably that the temporal course
of the migratory restlessness is deter-
mined by a genetic program. It soon
became clear that this temporal pro-
gram may also help young birds to find
the wintering ground, which is clearly
essential for survival.

Among species that migrate in
groups, inexperienced migrants can
follow more experienced leaders.
Many species, however, migrate sin-
gly, including most of the birds we
work with. Among those species each
bird must be able to find the wintering
grounds on its own, whether it has ever
made the journey before or not. Clear-
ly, if a bird has not migrated before,
learning cannot help it to find its way,
and so some other mechanism must
serve for navigation. Evidence is accu-
mulating that a temporal program is
one such mechanism.

It has been known for some time that
novices rely on methods of navigation
different from those of experienced
migrants. This was made strikingly
clear in work done by A. C. Perdeck of
the Institute for Ecological Research
in the Netherlands. He studied Euro-

pean starlings, which breed on the
shores of the Baltic Sea in Sweden,
Finland, Latvia, Lithuania, Poland,
Germany and Denmark. In the fall
the starlings fly southwest to winter-
ing grounds that are mainly in north-
ern France and southern England.
For one experiment Perdeck trapped
11,000 starlings near The Hague and
had them transported by airplane to
Switzerland, where they were banded
and released.

ore than 300 of the birds were lat-
er recovered, and when the re-
covery points were plotted on a map,
an intriguing distribution emerged.
Birds that had migrated at least once
before were able to compensate for the

southward displacement. They were
found scattered along a flight path
leading toward the wintering grounds,
a path that entailed making a sharp
northward turn from the original
course. The young birds, on the other
hand, were found along a flight path
more or less parallel to the normal one,
leaving them hopelessly far south of
the usual target [see illustration on next
page]. One must conclude that the in-
experienced birds were unable to com-
pensate for the displacement and had
simply kept flying in the original di-
rection after being released.
Perdeck’s result suggests that young
birds can fly in only one general direc-
tion when migrating. A navigation sys-
tem capable of accommodating only
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SYNCHRONIZATION OF CIRCANNUAL RHYTHMS is accomplished by external
stimuli such as changes in photoperiod. Because the circannual rhythms have a period that
deviates from one year, they must be synchronized so that the physiological events underly-
ing migration coincide with the seasons. The author showed that endogenous rhythms can
be altered by variation in the photoperiod. One group of garden warblers was exposed to
the seasonal changes of photoperiod in Germany; they underwent migratory restlessness
and molted on the normal, annual schedule (top). A second group was held under constant
conditions; they showed a circannual rhythm with a period of more than 12 months (bot-
tom). A third group was exposed to a photoperiod that varied on a six-month cycle; their
schedule for molting and migratory restlessness was compressed into six months (middle).
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NAVIGATION SYSTEM of inexperienced birds differs from the one used by adults that
have made the migratory flight at least once before. The difference was demonstrated by
A. C. Perdeck of the Institute for Ecological Research in the Netherlands. Perdeck captured
starlings about halfway along their fall migratory route (gray) from Baltic breeding areas
to wintering grounds in France and England. The birds were transported to Switzerland
and released. Experienced migrants (color) compensated for the displacement and flew
toward the normal winter range. Inexperienced birds (black) kept flying in the original di-
rection, on a course that took them toward the Iberian peninsula. It seems inexperienced
birds are not capable of true navigation; they can fly only in one fixed compass direction.

one flight heading is primitive, but it is
by no means completely impractical.
If the initial heading is correct and the
external perturbations (such as those
caused by wind) are not too great, all
the flier needs to reach the target is a
clock that indicates when to start flying
and when to stop.

Various field experiments have
yielded results consistent with the hy-
pothesis that inexperienced birds de-
pend on a navigational clock. Perhaps
the clearest demonstration was made
by W. Riippell and E. Schiiz of the Vo-
gelwarte Rossitten, the predecessor of
our institute. They trapped young car-
rion crows about halfway along their
migratory route from Baltic breeding
areas to wintering areas in northern
Germany. The birds were banded and
taken to a location beyond the normal
winter range before being released.
When some of the banded crows were
recaptured during the winter, it was
found they had continued to migrate
on the original heading, which now
took them away from the wintering
ground. Moreover, they had flown a
distance roughly equal to the distance
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that separated them from the target
when they were captured. It would
seem that the migratory clock had sim-
ply continued to tick after the displace-
ment, with the result that the young
crows had flown the correct distance,
but away from the target.

Perdeck’s results, combined with
those of Riippell and Schiiz, help to
clarify the difference between the navi-
gation systems of experienced and in-
experienced birds. Birds that have mi-
grated before have the capacity for
true navigation: when displaced, they
can correct their course and find the
target. (How they accomplish the feat
is not yet understood.) Inexperienced
birds have no such capacity; they ap-
parently rely solely on a single heading
and a preset flying clock. Until recent-
ly the nature of the navigational time-
keeper was not known. Our work with
warblers, however, suggests the clock
is provided by the genetic program
that specifies the temporal course of
migratory restlessness. The physiolog-
ical rhythm underlying the restless be-
havior seen in the caged birds tells the
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migrant when to take off, when to ex-
pend peak effort, when to decelerate
and when to stop flying.

Although their navigation systems
differ considerably, novices and expe-
rienced birds share the need to know
the correct flight heading. Intriguing-
ly, it appears circannual rhythms can
help to solve that problem too. For
some time experimental results have
been available implying that the mi-
grant’s choice of a compass heading is
determined by its physiological state
rather than by external cues such as
geographic information or the position
of the stars. Among the data are some
obtained by Stephen T. Emlen of Cor-
nell University [see “The Stellar-Ori-
entation System of a Migratory Bird,”
by Stephen T. Emlen; ScCIENTIFIC
AMERICAN, August, 1975].

Emlen exposed a group of indigo
buntings to two photoperiodic cycles a
year. The accelerated changes in pho-
toperiod advanced the timing of molt
and of migratory restlessness in the ex-
perimental birds. Eventually the birds
came into an “autumnal” physiologi-
cal state in the spring. They were then
put in orientation cages in a planetari-
um under a simulated spring sky. In
spite of the celestial cues, the birds
responded to their internal state and
consistently hopped southward, as if
attempting to begin the fall migra-
tory flight.

From the point of view of the work
my colleagues and I have been doing,
Emlen’s results could be interpreted in
two ways. The buntings’ choice of the
incorrect direction could be due either
to the effect of the photoperiod or
to that of the underlying circannual
rhythm. We needed to know which
factor was responsible. Therefore,
with Wolfgang Wiltschko of the Uni-
versity of Frankfurt as my collabora-
tor, I set out to design experiments that
would disentangle the two effects.
Wiltschko and I did our experiments
on 59 hand-raised garden warblers.
Garden warblers are among a large
group of European birds that share
a basic migratory route. They leave
their breeding ground in the fall on
a southwesterly course. Over the Iberi-
an peninsula or northern Africa, how-
ever, they turn south or south-south-
east and continue on that heading until
they reach their winter range. The re-
turn flight in spring has a more di-
rect route: the birds fly straight from
south to north.

As in our previous work, to isolate
the effect of the circannual rhythm we
needed to minimize the seasonal fluc-
tuations that the birds experienced.
The warblers were held in chambers
with constant temperature and an un-
varying photoperiod.



In order to test a bird’s choice of
direction, the bird must be able to ori-
ent itself in relation to the points of the
compass. Wiltschko had shown previ-
ously that the garden warbler can ori-
ent itself by means of either the stars or
the earth’s magnetic field. The celestial
map changes with the season. Since we
intended to eliminate all seasonal cues,
the birds were not allowed to see the
sky. The earth’s magnetic field, on the
other hand, undergoes very little sea-
sonal variation. We made no effort to
insulate the birds from the magnetic
field, and they were thereby able to ori-
ent themselves.

he experimental system was nearly

complete. The warblers had been
isolated from seasonal cues and pro-
vided with a means of sensing compass
directions. Now we needed a way to
test the caged birds’ directional prefer-
ences during the migratory period. In
order to observe their directional pref-
erences the warblers were put in spe-
cial cages at regular intervals through-
out the year. Each cage was an octagon
with a diameter of about a meter.
Eight perches radiated from the center
of the cage like the spokes of a wheel.
Microswitches mounted under the
perches made it possible for us to tell
which perches the birds preferred dur-
ing the night in each phase of the mi-
gratory cycle.

The results were quite dramatic. In
August and September, when wild gar-
den warblers head southwest on the
first leg of their triangular flight path,
the caged birds tended to hop onto the
perches at the southwest corner of the
cage. During the second half of the fall
migratory season, when the migrating
birds turn south and head for central
Africa, the caged birds preferred to
perch in the south and southeast parts
of the cage. In the spring, when the
migrants head straight for Europe
from their equatorial winter homes,
the caged birds most often chose the
north perches.

It seems clear that circannual
rhythms can control the direction of
migration as well as its initiation and
its temporal structure. Indeed, the
overall result of the work done in my
laboratory in the past two decades has
been to emphasize the effects of the
spontaneous internal clock. Yet it
should not be supposed that the opera-
tion of the circannual rhythms elimi-
nates the influence of external cues. As
I have described above, circannual
rhythms can be modified by changes in
photoperiod or—in adult birds—by
navigational learning. Some recent
work has been aimed at finding out
more about modifications of the inter-
nal program; my colleague Herbert

MEASUREMENT 2
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The ordinary 28 mm lens taking
this picture could not capture the
inch-long single-crystal sapphire
fiber attached to the seed crystal
which nucleated its growth, shown
mounted in the fiber translation
unit which has been removed from
the apparatus for this photograph.

a Questar system observes and records
the growth of single-crystal fibers

In the Applied Physics Department of Stanford University, a research
team is using a Questar system to observe the growth of single-crystal fibers.
The Questar long-distance microscope is an integral part of the fiber
growth apparatus which has been designed and built by the Stanford
researchers.

Crystal fiber growth is achieved by means of a CO, laser optically
focused on a source-rod, creating thereby a molten zone. A seed crystal,
which defines the fiber’s crystallographic orientation, is then dipped into
the molten zone. Growth proceeds as the fiber is pulled away from the
molten zone at the same time as the source-rod is fed into it. The growth
technique produces high quality fibers in a wide range of materials such
as sapphire, YAG, and lithium niobate, all refractory substances which
have applications in optical devices. The growth apparatus and crystal
fiber applications are more fully described in a recent article entitled
“Single-Crystal Fiber Applications Include Nonlinear Optical Effects”
appearing in the October 1985 issue of Laser Focus.

We met with John Nightingale, one of the group involved in this project,
who demonstrated for us their beautifully precise apparatus. With a Questar
QM 1, we watched the actual growth of a 170 micron diameter ruby fiber.
Using the microscope’s phototube attachment, the molten zone was imaged
on a standard vidicon tube and displayed on a color video monitor. The growth
was recorded on video tape for reference and further study. Nightingale
explained that the QM 1’s 22-inch working distance allowed room for a
real time fiber diameter measurement system and other diagnostic equipment
to be placed near the molten zone.

This application of Questar’s remarkable optics will bring to mind many
other laboratory procedures that could be viewed and recorded. If you
have a problem that might be solved in this way, call on us.

QUESTAR

P.O. Box 59, Dept. 213, New Hope, PA 18938 (215) 862-5277

© Questar Corporation 1986
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Biebach has shown that the modifica-
tions can be quite specific.

Biebach concentrated on the chang-
es in weight that birds undergo while
they are migrating. Before taking off,
the migrants generally eat more inten-
sively than usual in an attempt to ac-
quire stores of fat to be used as fuel
on the journey. The weight gain can be
considerable. Garden warblers in the
field can grow from an initial weight
of 16 grams to a final weight of 30
grams, and in the laboratory (where
an unlimited supply of food is avail-
able) the gain can be even greater. The
accumulated fat stores dwindle rapid-
ly as the birds make the exhausting
migratory flight.

Biebach trapped migrating song-
birds at two sites in the Sahara. One
site was an artificial resting area made
of a few bushes planted in the sand.
Birds were attracted by the bushes and
touched down, but no food or water
was available there. The other site was
an oasis with abundant vegetation and
arich insect life. At both sites many of
the birds present in the morning were
trapped, banded, weighed and then re-
leased. Some birds were later recap-
tured and weighed again. It turned out
that the birds behaved quite different-
ly at the two sites. At the desert trap,
where there was no food, all the birds

left on the evening of the day they ar-
rived. At the oasis, however, a fairly
large proportion of the arriving birds
stayed for more than one day. The
weight data showed that the birds re-
maining for more than a day tended to
be the ones whose fat stores had been
depleted on arrival.

Biebach’s findings suggested that the
combination of low fat reserves
and the opportunity to replenish them
inhibits the endogenous migratory
program, which would otherwise im-
pel the birds to continue their flight.
That conclusion has since been con-
firmed in the laboratory. The laborato-
ry studies show that neither the deple-
tion of the fat reserves nor the oppor-
tunity to feed is on its own sufficient to
interrupt the operation of the pro-
gram; both factors must be present
simultaneously for the migratory im-
pulse to be inhibited. As soon as the
bird attains a certain minimum body
weight the impulse reappears.

The capacity of the endogenous pro-
gram to be overridden by external
stimuli has decided advantages. If the
circannual rhythms could not be mod-
ified, a bird whose fat reserves were
depleted might starve to death while
being driven on by the relentless mi-
gratory impulse. If the impulse can be
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temporarily overridden, the migrating
bird has a chance to replenish its stores
of fat before resuming its flight. In one
sense the behavior Biebach has illumi-
nated so nicely is similar to the naviga-
tion system of the experienced birds.
In both instances a rather inflexible
mechanism is overridden by a system
that can adjust the internal time pro-
gram to specific external conditions.
One of the main tasks facing stu-
dents of bird migration is to find out
just how the endogenous program in-
teracts with external stimuli to yield
the observed migratory behavior. An-
other problem, equally fundamental,
is to identify the physiological basis of
the circannual rhythms. My colleagues
and I are currently working on both
questions, but it may take many years
to answer them. After all, it has taken
two full decades to achieve a detailed
understanding of how the circannual
rhythms operate. In those two decades
it has become clear that endogenous
rhythms provide the overall frame-
work of migratory behavior. The de-
tails of the migratory cycle can be
modified in a variety of ways to ac-
commodate external circumstances,
but the impulse that drives the great V
of geese as well as the ragtag group of
starlings comes from yearly rhythms
originating deep in the organism.
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DIRECTIONAL PREFERENCES of garden warblers are con-
trolled by the circannual rhythms, as was shown in an experiment
carried out by the author and Wolfgang Wiltschko of the Universi-
ty of Frankfurt. The garden warbler migrates on a triangular course
(map at left). In September it leaves Europe on a southwest head-
ing. In late fall it changes course over the Iberian peninsula and
heads southeast to equatorial Africa. The return journey in the
spring takes a direct south-north route. The three circles at the
right show the directional preferences of garden warblers held un-
der constant conditions of light and temperature in orientation
cages like the one on page 85. Each circle corresponds to the results
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for a particular time of year. The lines within the circles show how
often the warblers preferred particular compass directions; each
line represents 15 degrees of the compass. The direction most often
chosen is shown as a radius of the circle, and all other lines are
proportional to that one. The large arrow projecting from the edge
of the circle shows the overall direction that results from summing
the choices of the caged birds. In August and September the birds
preferred a southwesterly direction, in October, November and De-
cember a southeasterly direction and in April, May and June a north-
easterly one. All three results correspond approximately to the mi-
gratory directions of the free-living birds at those times of year.
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Optical Gyroscopes

They can detect rotational motion just as mechanical gyroscopes

can, but they contain virtually no moving parts. The instruments

have already established an important place in guidance systems

he word gyroscope brings to

mind a picture of the string-pow-

ered novelty capable of balanc-
ing itself on the tip of a pencil. Such a
toy is actually a primitive representa-
tive of a family of instruments whose
essence is a framework containing a
rapidly spinning wheel. The angular
momentum of the wheel causes it to
resist change in its orientation even as
the framework is rotated. A gyroscope
can therefore reveal the extent of the
rotation; in this way it can also provide
directional information for naviga-
tion. Indeed, nearly all vehicles more
sophisticated than an automobile (and
some that are much less sophisticated)
depend on gyroscopes to keep them on
course. Gyroscopes are at the heart of
the inertial-guidance systems of any jet
airliner or oceangoing ship, for exam-
ple. The reason is that the instruments
require no external stimulus in order
to function. A gyroscope can, for in-
stance, detect motion even within the
confines of an isolating box that pre-
vents a voyager from observing the
stars and deprives him or her of a mag-
netic field for a compass.

At about the turn of the century in-
vestigators realized that light could
also exhibit gyroscopic behavior: the
amount of time required by light to
traverse a circular pathway depends
on whether the pathway is stationary
or rotating. The time difference can
serve as a measure of the amount of
rotation. The development of a practi-
cal optical gyroscope, however, had to
await the advent of the laser and ad-
vances in such optical technology as
fiber-optic cables and highly reflective
mirrors. From this technology there
have emerged two classes of optical
rotation sensors: fiber gyroscopes and
ring-laser gyroscopes.

The ring-laser gyroscope, techno-
logically the more mature of the two, is
a fascinating instrument, and it has al-
ready established itself as a practical
element in guidance systems. New pas-
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senger carriers such as Boeing’s 757/
767 series and a number of Airbus In-
dustrie’s A310’s rely on ring-laser gy-
roscopes rather than mechanical ones.
Although the sensitivity of the new in-
struments is extraordinary, it is not for
want of accuracy that the niche of the
optical gyroscope in navigation is wid-
ening. Mechanical gyroscopes are ac-
curate too, but their moving parts
make them more complex than the
optical devices, which have virtually
none. In spite of the fact that optical
gyroscopes contain some moving parts,
they are still easier to maintain, and
therefore less costly, than their me-
chanical counterparts.

To understand how light can be
manipulated to measure rotation,
imagine a circular ring with an observ-
er fixed to it. Suppose the observer
emits a pulse of light in such a way that
half of it traverses the circle in each
direction. If the ring is not rotat-
ing, clearly both halves of the pulse
will return to their point of origin
(the observer) at the same time. If,
however, the ring is rotating, say,
counterclockwise, the point of origin
will be moving toward the clockwise-
traveling pulse and away from the
counterclockwise-traveling pulse. The
observer will therefore encounter the
clockwise-traveling pulse before the
counterclockwise one. The difference
in arrival time is directly proportional
to the ring’s rotation; it does not mat-
ter whether or not the ring rotates
about its center.

The difference in round-trip trav-
el time is attributed to a difference
in path length. In the example given
above, the path traversed by the coun-
terclockwise pulse is said to be longer
than the path traversed by the clock-
wise pulse. The rotation-induced dif-
ference in path length is called the Sa-
gnac effect, after Georges Marc Marie
Sagnac, who first demonstrated the
phenomenon in 1913.
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The Sagnac effect is most readily ap-
parent in the fiber gyroscope. I shall
therefore discuss this gyroscope first,
even though its development actually
began 12 years after that of the ring-
laser gyroscope, and fiber-gyroscope
technology has not yet produced a
truly practical rotation-sensing instru-
ment. (Success does, however, appear
to be in the offing.) The heart of the
fiber gyroscope is a long optical fiber,
typically from half a kilometer to one
kilometer long, that is coiled for com-
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RING-LASER GYROSCOPE is typically
made from a single block of glass, as is seen
in the photograph on the opposite page. The
square channel drilled in the block contains
a mixture of gases. A flow of electric current
between the cathode, or negative electrode,
and the two anodes, or positive electrodes
(see map above), excites the atoms of the gas
and causes them to emit light. Mirrors at the
four corners of the block limit the light to
travel within the square channel, resulting
in the formation of a standing wave. (The
glow in the top half of the square channel
is from a phenomenon known as plasma dis-
charge; the standing wave itself cannot be
seen.) The black tape at the bottom of the
photograph covers details that the manufac-
turer, Litton Guidance and Control Systems,
considers to be proprietary information.
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pactness. The fiber acts as a light pipe,
confining light within its walls. The
reason for working with such a long
fiber is that differences in path length,
and therefore in travel time, increase
with increasing fiber length, facilitat-
ing rotation measurements.

The fiber gyroscope exploits the ex-
tremely small wavelength of light
to measure accurately the path-length
difference between the distances trav-
eled by two counterpropagating light

beams. To generate the beams a semi-
transparent mirror, or beam splitter,
splits a beam from a light source (of-
ten but not necessarily a laser) in half.
The two beams travel in opposite di-
rections through the coiled fiber ring
and emerge to be recombined at the
semitransparent mirror. If a screen is
placed at the output of the mirror, no
light appears on it when the fiber coil is
stationary. The reason is that the two
beams travel identical path lengths
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and the semitransparent mirror intro-
duces a “phase shift”: the beam reflect-
ed by the mirror is precisely out of
phase with the one transmitted by the
mirror. At the mirror output the two
beams therefore interfere destructive-
ly: they cancel each other exactly.
What happens when the fiber coil
rotates? (By this I mean that the coil,
light source, semitransparent mirror
and screen rotate together; the coil
does not spin with respect to the other




components.) Suppose, for instance,
the components are mounted in an air-
plane and the craft suddenly veers. In
this case the two counterpropagating
beams in the fiber travel slightly differ-
ent path lengths. At the output of the
semitransparent mirror they no long-
er cancel each other exactly, and so a
bright spot appears on the screen. If
the coil (and the other components) ro-
tates fast enough so that the difference
in path length is half the wavelength of
the light, the spot becomes as intense
as the original light source. I have de-
- scribed a bare-bones version of the fi-

ber gyroscope. In a practical device so-
phisticated electronic techniques are
employed to monitor the output of
the semitransparent mirror and there-
by obtain the rate of rotation.

Work on the more established ring-
laser gyroscope dates back to
shortly after the publicationin 1958 of
a paper by Arthur L. Schawlow and
Charles H. Townes setting forth the
basic principle of the laser. Clifford V.
Heer of Ohio State University soon re-
alized that a resonant cavity could be
exploited to measure rotation rates. A

. ROTATION
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BASIC PRINCIPLE underlying the optical gyroscope is that the amount of time required
by light to traverse a circular pathway depends on whether the pathway is stationary or
rotating. Suppose a hypothetical observer in a stationary ring emits a pulse of light and
two halves of the pulse travel in opposite directions around the ring (fop). The observer re-
ceives both pulses simultaneously. If the ring is rotating, however, the observer moves
toward one of the pulses and away from the other, and the pulses are received at different
times (bottom). The time difference is proportional to the rate at which the ring is rotating.
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resonant cavity is a hollow cavity for
reinforcing a sound wave or an electro-
magnetic wave. A laser is in essence
nothing more than a resonant cavity.
It typically consists of a long, straight
tube filled with an amplifying medium,
a solid, a liquid or a gas. Each end is
capped with a highly polished semi-
transparent mirror. As light travels
back and forth between the two mir-
rors its intensity is amplified. Laser
output takes place when some of the
light passes through one of the mirrors.

Heer recognized that by forming a
ring-shaped resonant cavity one could
create an optical gyroscope. In such a
gyroscope light circulates many times
around a given path rather than just
back and forth between two mirrors.
Both Heer and, independently, Adolph
H. Rosenthal, then at the Kollsman
Instrument Corporation, made subse-
quent advances in the theory. In 1963
Warren M. Macek and Daniel T. M.
Davis, Jr., of the Sperry Gyroscope
Company demonstrated the first ring-
laser gyroscope. Their instrument con-
sisted of four glass tubes, each one me-
ter long, arranged in a square. They
made light travel around the device by
placing a mirror at each corner.

Technological progress in the ensu-
ing years.has been astonishing: a sensi-
tive ring-laser gyroscope can now fit in
the palm of the hand. A typical gyro-
scope is made from a single block of
glass into which a square channel is
drilled. A mixture of gases, such as he-
lium and neon, fills the channel. To
complete the laser a small number of
electrodes and four mirrors are at-
tached to the block. Four is not a mag-
ic number; some ring-laser gyroscopes
have a triangular channel and three
mirrors, others have a hexagonal chan-
nel and six mirrors.

Even though a practical ring-laser
gyroscope has the shape of a polygon,
its operation is most easily understood
by imagining the ideal case of a circu-
lar ring. When the ring is stationary, a
discharge in the lasing gas generates a
standing light wave within the ring. As
in the case of a vibrating violin string,
along the wave there is an alternating
series of nodes (““valleys,” or station-
ary points) and antinodes (“‘peaks,” or
points of maximum oscillation). Be-
cause the wavelength of light is ex-
tremely small—about .6 micrometer (a
micrometer is a millionth of a meter)—
a large number of nodes and antinodes
fit around a ring. The wave in a ring
with a 30-centimeter perimeter, for in-
stance, has on the order of a million
nodes and antinodes.

Now suppose the ring rotates, that
is, the fictitious airplane carrying the
gyroscope veers. What happens? The
standing wave remains fixed in an in-



ertial, or nonrotating, frame of ref-
erence; this is how the Sagnac effect
manifests itself in the ring-laser gy-
roscope. An observer rotating with
the ring would pass by the nodes and
antinodes of the standing wave. The
number of nodes the observer passes
is directly proportional to the angle
through which the ring has rotated. By
counting the passage of the nodes one
can determine how much the ring, and
therefore the airplane, is rotating.

A noncircular ring (such as a trian-
gle or a square) can also be employed
to detect rotation. In this case, how-
ever, the standing wave does not re-
main fixed in an inertial frame of ref-
erence when the ring turns; instead
it rotates at a lower rate than the ring
does. The rotation rate of the stand-
ing wave depends on the shape of the
ring. As far as the rotating observer
is concerned, however, his or her ro-
tation rate is still directly proportion-
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al to the rate at which nodes pass a
given point on the ring.

f the ring-laser gyroscope were an
ideal device, the rate at which nodes
pass a given point on the ring would be
directly proportional to the rate of ro-
tation of the ring. If the ring were not
rotating, for instance, the position of
the nodes would remain fixed. In prac-
tice, however, two major sources of er-
ror cause the behavior to deviate from

SCREEN

FIBER GYROSCOPE can serve as a measure of rotation by detect-
ing interference between two light beams traveling in opposite di-
rections around a long, coiled fiber. The beams are generated by
splitting a laser beam with a semitransparent mirror. After traveling
through the fiber the two beams recombine at the semitransparent
mirror. When the apparatus is not rotating, the beams interfere de-
structively, so that there is no light output (dark screen at top). When

the entire apparatus (including the laser, the semitransparent mir-
ror, the fiber coil and the screen) is rotating, the two beams no long-
er cancel each other perfectly, and so there is a bright spot on the
screen (bottom); the brightness, or intensity, of the spot increases
with the rotation rate. The rotation rate of the apparatus, and hence
of the carrier on which it is mounted, is inferred by monitoring the
intensity of the spot. Fiber gyroscopes are still under development.
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the ideal. Fortunately neither is fatal,
for they can both be remedied.

The first source is a bias effect that
makes the standing wave rotate even
when the ring is stationary. Bias arises
when the gas inside the ring flows. Gas
flow is an unwanted consequence of
the fact that, in order to generate the
standing light wave, power must be
supplied to the ring. This is done by
applying a large voltage difference be-
tween a positive electrode, or anode, at
one site on the ring and a negative elec-
trode, or cathode, at another site. The
high voltage ionizes some of the gas
and creates a plasma: a “soup” of elec-
trons and positively charged ions. The
electrons tend to drift to the positive
electrode and the positive ions tend to
drift to the negative electrode. These
flows induce a rather complicated mo-
tion of the neutral atoms in the gas,
which results in a net flow of neutral
atoms around the ring and along the
path of the light beam. Consequently
even when the ring is stationary, the
standing wave can rotate.

Manufacturers of ring-laser gyro-
scopes minimize the problem by de-
signing rings that have two opposing
gas flows. A gyroscope can, for exam-
ple, be fitted with one negative elec-
trode and two positive electrodes on
each of two opposite sides of a square.
The result is that the induced gas flows
largely cancel. They do not cancel
completely, but a stable residual bias
can be measured and compensated for,
and consequently only unpredictable
changes are a source of bias error.

MIRROR

REFLECTED _
WAVE

INCIDENT _
WAVE

FREQUENCY LOCKING is a potential source of error in the op-
eration of a ring-laser gyroscope. It causes the standing wave in the
instrument to “lock” onto the ring, so that an observer on the ring
cannot tell whether or not the apparatus is rotating. The standing
wave can be thought of as two waves traveling in opposite directions
around the ring. The locking phenomenon arises from minute im-
perfections in the mirrors of the gyroscope. The imperfections cause
a small fraction of an incident light wave to backscatter in a direc-
tion opposite to that of its original trajectory (/eff). Coupling between
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The second and more serious source
of error in the operation of the instru-
ment is a phenomenon called frequen-
cy locking. It causes the standing wave
to “lock” onto the ring, so that an ob-
server on the ring could not tell wheth-
er or not the ring is rotating. Frequen-
cy locking, whose effects are in general
noticed only at relatively low rates of
rotation, plays a role analogous to that
of friction in a mechanical gyroscope.
The standing light wave can be viewed
as two waves traveling in opposite di-
rections around the ring. Frequency
locking arises from a coupling interac-
tion of the two light waves. The cou-
pling is due to minute imperfections in
the mirrors of a ring-laser gyroscope.
The imperfections cause a small frac-
tion of an incident light wave to back-
scatter in a direction opposite to that of
its initial trajectory.

One can appreciate the net effect of
the coupling between the incident
waves and the backscattered waves
by considering the following simplified
picture. Suppose the mirrors are per-
fect but a thin sheet of glass is fixed
inside the ring perpendicular to the
path of the light. (Since the mirror im-
perfections are fixed to the ring, the
glass must also be fixed to the ring.) A
very small amount of the light striking
the glass is reflected in the opposite
direction. The standing wave of the
ring-laser gyroscope “prefers” to have
a node at the sheet of glass. Since the
glass is fixed to the ring, the standing
wave will therefore “try” to rotate with

STANDING
WAVE

the ring, and at low rotation rates it
succeeds in doing so.

For a fruitful analogy to frequency
locking imagine a ball, immersed in
a viscous fluid such as maple syrup,
rolling down a bumpy hill. The force
of gravity represents the ring’s rota-
tion: a steeper hill corresponds to a
higher rotation rate. The viscous fluid
prevents the ball from accelerating in-
definitely; instead it reaches a maxi-
mum speed. The bumps represent the
nodes and antinodes of the standing
wave, and the ball represents the po-
sition of the glass sheet. The height
of the bumps depends on the amount
of light the sheet reflects.

When there is no rotation, there is no
incline and the ball rests in one of the
local valleys between two bumps: it is
at a node. Then the ring rotates slowly;
by analogy, a slight incline develops.
The ball rolls downward a little bit, but
the nearest bump presents an upward
slope that the ball cannot climb, and
so the ball remains trapped. This cor-
responds to frequency locking, that is,
a situation in which the standing wave
remains fixed to the ring and the gy-
roscope registers no output—it fails to
detect the rotation.

At higher rotation rates the inclina-
tion is greater and the ball can dance
down the bumpy hillside. Such inclines
correspond to rotation rates at which
the frequencies unlock and the ring
can once again sense rotation: the
standing wave is no longer fixed to
the ring and the gyroscope produces
an output. As the rotation rate is in-
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the waves results, the net effect of which can be understood by im-
agining that the mirrors are perfect but that a thin sheet of glass is
fixed inside the ring perpendicular to the path of the light (right).
The standing wave “prefers” to have a node (a “valley,” or stationary
point) at the position of the glass. Because the glass is fixed to the
ring, the standing wave will “try” to rotate with the ring. Atlow rota-
tion rates it succeeds, and frequency locking takes place. The effect
can be minimized by oscillating the ring at a fairly high rate with
a mechanical dither; the motion “shakes loose” the standing wave.



creased still further the perturbation
of the motion of the ball due to the
presence of the bumps becomes even
less significant.

Frequency locking at low rotation
rates has bedeviled the optical-gyro-
scope industry since the beginning.
Much effort has gone into eliminating
the problem. The most successful solu-
tion so far has been a device known as
a mechanical dither that rotates the
ring back and forth at a fairly high
rate. The general idea is to keep the
ring moving so that frequency locking
cannot take place. Since no net rota-
tion is introduced by the oscillation,
the dither has no net effect on measure-
ments. It is something of a disappoint-
ment, however, to resort to this kind of
solution, inasmuch as the ring-laser gy-
roscope’s big advantage was supposed
to be the lack of moving parts: al-
though the dither movement is indeed
slight, the dithering apparatus is re-
grettably complicated (albeit far less
complicated than a mechanical gyro-
scope). Investigators still continue to
search for a better solution.

he bias and the frequency-lock-
ing problems are technical ones; in
principle they can be completely elim-
inated. Ultimately the sensitivity of
the instrument must succumb to more
imperative constraints: the dictates of
quantum mechanics and the Heisen-
berg uncertainty principle. In its sim-
plest form the uncertainty principle
states that it is impossible to simulta-
neously know both the exact position
and the exact velocity of a particle,
such as an electron. Applied to the
ring-laser gyroscope, it means the
standing wave will not remain truly at
rest even when the ring is stationary.
Remarkably, technology has advanced
to the point where ring-laser gyro-
scopes can perform to within better
than a factor of 10 of the limits im-
posed by quantum mechanics.
The fundamental source of error in
a ring-laser gyroscope is a manifes-
tation of the uncertainty principle
known as spontaneous emission. Pow-
er input excites the electrons of the at-
oms composing the amplifying medi-
um within the optical ring. Lasing
takes place when a photon, or quan-
tum of light, stimulates an atom and
causes an excited electron to make a
transition to a lower (unexcited) state.
When the transition occurs, the atom
emits a photon that has the same direc-
tion, frequency and phase as the inci-
dent photon. Every so often, howev-
er, an electron in an atom will make
a transition spontaneously, emitting a
photon that has an arbitrary direction
and phase. Some of these photons are
emitted in the direction of the stimu-

MECHANICAL GYROSCOPE operates on the same principle as a toy gyroscope, but it is
much more complicated. Its role in navigation is being challenged by the optical gyroscope.

lated wave and change the net phase of
the wave by a small random amount.
In the course of time the spontane-
ous emissions make the standing wave
drift from its initial position: the gy-
roscope develops an angular displace-
ment error.

In general, high-accuracy applica-
tions require large gyroscopes because
they minimize the relative effect of
the displacement error. Mirror quality
also affects accuracy. A perfect mirror
would reflect all incident photons. In
the real world, however, each time a
photon hits a mirror there is a small
chance that it will be scattered, ab-
sorbed or transmitted. The effective-
ness of a gyroscope increases with in-
creases in the number of round trips
made by each photon before it is lost to
absorption, transmission or scattering.
For this reason the development of
ring-laser gyroscopes has generated a
dramatic advance in low-loss mirror
technology. A good ring-laser gyro-
scope mirror loses less than one pho-
ton in 5,000 photons. (A bathroom
mirror loses about one photon in 20.)
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In spite of the apparent differen-
ces between fiber and ring-laser gy-
roscopes, nature conspires through
quantum mechanics to make their the-
oretical performances similar. A fiber
coil that has a given number of turns
is fundamentally equivalent to a ring-
laser gyroscope whose photons under-
go the same number of round trips. Of
course, the instruments must have the
same dimensions and optical powers,
and they must be operated with light
of the same wavelength.

No optical gyroscope is ever likely
to fascinate a child as much as the
toy version of its mechanical counter-
part. The success of a practical device,
however, would seem to disregard any
such considerations and ultimately be-
come an issue of economics. To be
sure, the driving force behind optical-
gyroscope technology is one of cost.
On the other hand, the beauty of the
optical gyroscope’s underlying princi-
ple and elegant construction is more
than a mere reflection of its greatest
asset as a navigational instrument.
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The “Stress” of Being Born

The stress of journeying through the birth canal is not harmful

to most infants. In fact, the surge of “'stress’” hormones it triggers

can be important to the neonate’s survival outside the womb

by Hugo Lagercrantz and Theodore A. Slotkin

t first thought, being born would
seem to be a terrible and dan-
gerous ordeal. The human fetus

is squeezed through the birth canal for
several hours, during which the head
sustains considerable pressure and the
infant is intermittently deprived of
oxygen (by the compression of the pla-
centa and the umbilical cord during
uterine contractions). Then the neo-
nate is delivered from a warm, dark,
sheltered environment into a cold,
bright hospital room, where some
large creature holds it upside down
and in many cases slaps it on the but-
tocks. In addition, during the strains
of birth—particularly hypoxia (oxy-
gen deprivation) and pressure on the
head—the fetus produces unusually
high levels of the “stress” hormones
adrenaline and noradrenaline—higher
than in such severely taxed adults as a
woman giving birth or a person having
a heart attack. Adrenaline and nor-
adrenaline, which are major represen-
tatives of a chemical class called cate-
cholamines, typically prepare the body
to fight or flee from a perceived threat
to survival (a stress), and high concen-
trations of these hormones often indi-
cate that the organism is in danger.
In spite of surface appearances, the
stresses of a normal delivery are usual-
ly not harmful. Evidence collected by
us and by others during the past two
decades indicates that the fetus is well
equipped to withstand stress, even ear-
ly in gestation; indeed, it is the cate-
cholamines that afford much of the
protection from such adverse condi-
tions as hypoxia. Moreover, it is actu-
ally important to undergo the events
eliciting the production of stress hor-
mones. The resulting surge of hor-
mones prepares the infant to survive
outside the womb. It clears the lungs
and changes their physiological char-
acteristics to promote normal breath-
ing, mobilizes readily usable fuel to
nourish cells, ensures that a rich supply
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of blood goes to the heart and brain
and may even promote attachment be-
tween mother and child.

he first major clue that catechol-

amines are important to fetal sur-
vival came from pioneering studies
done in the late 1960’s by Robert S.
Comline and Marian Silver of the Uni-
versity of Cambridge. They found that
in the fetal cow, horse and sheep the
adrenal glands (which sit above each
kidney) produce catecholamines in re-
sponse to hypoxia, even prior to the
innervation of the glands by the sym-
pathetic nerves. The finding was re-
markable. Mature animals attain high
catecholamine levels only when the
sympathetic nervous system is activat-
ed and its splanchnic nerves, which
arise in the central nervous system,
stimulate the adrenal gland to secrete
stress hormones into the blood. The
sympathetic nervous system, together
with the parasympathetic system, in-
nervates all the major organs and helps
to regulate such involuntary processes
as breathing, circulation and tempera-
ture control.

When the central nervous system
perceives a threat, it sends impulses to
sympathetic nerves that release nor-
adrenaline at target tissues, initiating
rapid, localized “fight or flight” re-
sponses. In addition splanchnic nerves,
which transmit signals by means of
the neurotransmitter acetylcholine,
activate the adrenal medulla (the inner
part of the adrenal gland), causing it to
secrete adrenaline and, to a lesser ex-
tent, noradrenaline; these hormones
then travel through the blood to give
rise to slower but more generalized
and prolonged arousal. In particular
the catecholamines typically acceler-
ate the heart rate and output, increase
the force of heart-muscle contrac-
tion and selectively dilate or constrict
blood vessels to shunt blood away
from organs that are nonessential dur-
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ing the threat (skin, intestines, kid-
neys) and toward ones that are essen-
tial (heart, brain, skeletal muscle). The
stress hormones also dilate the bron-
chioles to aid respiration, cause fat and
glycogen to be broken down into readi-
ly usable fuels, dilate the pupils and
make the hair stand on end.

The Cambridge findings led to a
search for the mechanism by which
catecholamine levels become elevated
in the fetus. The findings also raised a
number of questions. What is the nor-
mal pattern of catecholamine produc-
tion throughout gestation? By what
processes do the catecholamines pro-
tect the fetus during oxygen depriva-
tion? Do the effects of catecholamines
differ between the fetus and the adult?

Fetal catecholamine production in
the absence of a competent sym-
pathetic nervous system was found to
be a direct response (one not depend-
ent on activation by nerve impulses)
to stress by the adrenal medulla. The
gland is proportionally larger than it is
in the adult and produces more nor-
adrenaline than adrenaline throughout
most of gestation. Noradrenaline and
adrenaline generally have similar ef-
fects, except that noradrenaline does
not, for instance, cause blood to flow
to skeletal muscle and does elicit a re-
flex slowing of the heart rate (mediated
by the parasympathetic vagus nerve)
instead of an increased heart rate. The
fetus was also found to have extra
sources of noradrenaline: tissues re-
ferred to collectively as paraganglia.
These specialized tissues, which are
red-brown nodules peppering the out-
side of the aorta, contain significant
amounts of noradrenaline. They disap-
pear during childhood.

At the Duke University School of
Medicine, Frederic J. Seidler, Jorge V.
Bartolome and one of us (Slotkin)
demonstrated that the development of
the nervous system, particularly the



nerves leading to the adrenal gland,
somehow results in the adrenal gland’s
losing its ability to secrete catechol-
amines in direct response to stress. Our
experimental subjects were newborn
rats that develop a sympathetic ner-
vous system only after birth and there-
fore rely exclusively on nonneuron-
al sources of catecholamines, particu-
larly the adrenal medulla. We first
showed that the animal with an imma-
ture nervous system is relatively well
protected against hypoxia by catechol-
amines. Under low-oxygen conditions
newborn rats secreted large amounts
of catecholamines and were able to
survive even intense and prolonged
hypoxia. When the adrenals were re-
moved at birth, or when we adminis-
tered drugs that blocked the effects of
catecholamines, the ability to survive
hypoxia was lost.

)

NEWBORN WITH MOTHER is shown soon after a normal, vagi-
nal birth. The vaginally delivered infant produces a high level of the
so-called stress hormones adrenaline and noradrenaline, which be-
long to a chemical class known as catecholamines. Evidence indi-

The finding that the maturation of
the nervous system itself leads to the ad-
renal gland’s loss of ability to respond
directly to stress was made when we
forced the rats’ sympathetic nerves to
become competent prematurely. The
manipulated rats thereupon were able
to release catecholamines only by
nerve-dependent adrenal secretion,
and they were less resistant to hypox-
ic challenge than control rats. In addi-
tion, when adrenal innervation was de-
layed by surgically cutting the nerve
supply before it became competent,
the fetal direct-response mechanism—
and its protective effect on survival—
persisted.

In rats, where sympathetic innerva-
tion develops rapidly after birth, we
can demonstrate that the adrenal me-
dulla responds directly to stress until a
few days after birth. In sheep, where
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innervation begins by the middle of
gestation and is almost complete at
birth, the ability of the adrenal gland
to respond directly to hypoxia has vir-
tually disappeared by birth. The new-
born human is not as mature as the
lamb but is more so than the rat, and
the human’s adrenal gland can prob-
ably respond directly to hypoxia at
birth. The exact timing of full sympa-
thetic-nerve maturation and the adre-
nal changeover is not known, however.

he natural pattern of catechol-

amine release throughout gesta-
tion was determined in two ways. One
of us (Lagercrantz), working with col-
leagues at the Karolinska Institute in
Stockholm, measured metabolites, or
breakdown products, of adrenaline
and noradrenaline in the amniotic fluid
surrounding the human fetus. Resting

cates that this hormone surge during delivery enhances the ability
of the neonate to survive once the umbilical cord is cut and that
infants who do not experience a surge may be at a disadvantage.
The surge also protects the infant from asphyxia during delivery.
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DEVELOPMENT OF CATECHOLAMINE SOURCES is plotted in the rat, sheep and
human fetus. In the mature organism (not shown) the main sources of plasma catechol-
amines are noradrenaline-secreting sympathetic nerves and (to a lesser extent) the adrenal
glands, which produce more adrenaline than noradrenaline. The adult adrenal glands are
controlled by the splanchnic nerves, sympathetic fibers that transmit signals by means of
acetylcholine. In the fetus the sympathetic nerves do not function early in gestation. Until
they do, the developing infant relies primarily on the adrenal glands for catecholamines.
The fetal adrenal glands (which are proportionally larger than they are in the adult and
secrete mainly noradrenaline) are at first not dependent on activation by nerve impulses but
release catecholamines directly in response to stress; later this direct response of the adre-
nal gland fades. The fetus also has extra noradrenaline-producing tissues called paragan-
glia, which are least prominent in the rat and most prominent in the human. In the rat
(bottom), which develops sympathetic nervous function after birth, the adrenal gland is able
to respond directly to stress until a few days after birth. In the sheep (middle), which begins
to develop a sympathetic nervous system midway through gestation, the adrenal gland all
but loses its direct-response ability by the time of birth. In the human (top) sympathetic
innervation is believed to progress more slowly than it does in sheep, and the adrenal gland
may retain its ability to respond directly to stress for some weeks after the infant’s birth.
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levels of metabolites proved to be fair-
ly low, but the levels increased toward
the end of gestation and were clearly
elevated during distress, as when ma-
ternal toxemia caused life-threatening
retardation of fetal growth in utero.

Such indirect measurement is cer-
tainly helpful, but the definitive evalu-
ation of catecholamine response in the
fetus calls for direct monitoring. Colin
Jones and his group at the University
of Oxford therefore chose to investi-
gate catecholamine release in an ani-
mal model. Leaving the placenta at-
tached, they removed the sheep fetus
from the ewe, introduced catheters
and electrodes into the fetus and then
reinserted it into the womb. Jones
found that catecholamine concentra-
tions in the resting sheep fetus were
very low until the last few days before
birth. The concentrations increased a
hundredfold during asphyxia, with the
hormones coming primarily from the
adrenal medulla.

Jones, and others too, described the
process by which catecholamines pro-
tect the fetus from asphyxia. When the
sheep fetus was given an injection of
noradrenaline in a concentration cor-
responding to that triggered by hypox-
ia, the injection caused blood to be
shunted toward the heart, brain, adre-
nals and placenta and away from or-
gans that were not vital during hypox-
ia. These hemodynamic changes led to
the elevation of blood pressure and in
turn to an immediate reflex slowing
of the heart rate. (This slowing of the
heart is mediated by the parasym-
pathetic vagus nerve, which becomes
functional earlier than the sympathet-
ic nerves do.) The reduction in heart
rate promotes survival by reducing the
heart’s work and its need for oxygen.
K. G. Rosén and Ingemar Kjellmer at
the University of Goteborg and our
group at Duke have further shown
that interference with the cardiovas-
cular effects of catecholamines pre-
vents these adaptational changes dur-
ing hypoxia, leading to circulatory
collapse and death. (The effects of cat-
echolamines on the oxygen-deprived
fetus mimic the diving reflex seen in
marine animals. When a diving ani-
mal dips its face in water, the blood
flow is immediately restricted to all
but the most vital organs, and the re-
sulting blood-pressureincrease triggers
a lowering of the heart rate.)

The stress response of the fetus is
more limited than that of the adult.
The adult, who can fight or run in re-
sponse to stress, is equipped to increase
the heart rate and shunt oxygen-rich
blood to muscles in response to stress.
The fetus, on the other hand, needs to
withstand oxygen deprivation, and it
is exquisitely equipped to do just that



and little else. In fact, the fetus is better
able to withstand asphyxia than an
adult, who typically develops heart-
rate irregularities after a few minutes.
How might catecholamines reduce
the heart rate in the fetus but not in
the adult? One possible explanation
is that the adult, unlike the fetus, pro-
duces much adrenaline in response
to stress, whereas the fetus produces
predominantly noradrenaline; elevat-
ed adrenaline levels can overcome a
parasympathetic slowing of the heart,
whereas noradrenaline cannot. (By the
time of birth, the infant may release
enough adrenaline to cause variable
increases or decreases in heart rate.) A
second reason the fetus is better able
than the adult to withstand asphyxia
may be that, as shown by one of us
(Slotkin), the immature heart is less re-
sponsive: higher adrenaline levels are
needed to elicit heart-rate increases,
and so a catecholamine surge is less
likely to cause irregular heartbeats.

he finding that catecholamine lev-

els are low throughout most of ges-
tation except during challenge suggest-
ed that, as in the adult, a catechol-
amine surge in the fetus serves as a
highly effective protection system in
emergencies. Intimations that the hor-
mones not only protect the fetus dur-
ing the acute stress of asphyxia but
also prepare the body to function out-
side the uterus emerged from investi-
gations into the possible overuse of
Caesarean delivery.

Several years ago the Caesarean de-
livery rate in the U.S. and in Europe
increased from 5 percent to as much as
15 to 20 percent. The reason was that
new monitoring techniques made it
possible to detect subtle changes in
the fetal heart rate during uterine con-
tractions; when complex changes were
found during contractions (as opposed
to simple heart-rate increases or de-
creases), the infant was often judged to
be suffering from life-threatening as-
phyxia and was delivered surgically.
On delivery, however, more than 50
percent of the infants were found to
have few clinical signs of asphyxia.

Concerned that many Caesarean
sections might be unnecessary, one of
us (Lagercrantz), with Peter Bistoletti
and Lars Nylund at the Karolinska In-
stitute, decided to find out whether a
normal catecholamine release in re-
sponse to maternal labor could ac-
count for the complex heartbeats in
many fetuses. We found that catechoi-
amine surges elicited by tne normal
birth process can indeed cause altera-
tions in heart rate that might well be
misinterpreted as signals of fetal dis-
tress unless the monitoring was sup-
plemented by biochemical tests. Only
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FIRST EVIDENCE showing that a catecholamine surge is required for the fetus or new-
born to survive hypoxia (oxygen deprivation) is summarized. When day-old rats (which,
like the human fetus, have an immature nervous system) had their adrenal glands removed
or were given drugs that blocked the effect of catecholamines, none survived 90 minutes
of a low-oxygen condition. In contrast, 70 percent of control rats survived the condition.

when the pH level in blood from the
fetal scalp fell below 7.25 did these ap-
parent heart-rate abnormalities actu-
ally indicate asphyxia.

In exploring the monitoring issue we
found that the normal birth process
gives rise to a surprisingly large in-
crease of plasma catecholamines in the
human infant. Raul Artal of the Uni-
versity of Southern California has re-
ported similar findings. Even at the
beginning of normal delivery, when
the mother’s cervix was barely dilated
(two to three centimeters), catechol-
amine concentrations in fetal scalp
samples were about five times as high
as the concentrations in a resting adult.
After birth the catecholamine levels
were found to have doubled or tripled
again, indicating that they had surged
during the next stage, when the mother
was straining. (Catecholamine levels
typically decline about 30 minutes af-
ter delivery, returning to resting levels
about two hours after birth.)

Studies further revealed that infants
who were asphyxiated (pH below 7.25)
because they were in the breech posi-
tion or were being strangulated by the
umbilical cord had catecholamine lev-
els as high as between 500 and 1,000
nanomols per liter of plasma, which
would cause a stroke in an adult. Such
concentrations could only be achieved
if asphyxia brought on further release
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of catecholamines from the adrenal
medulla, paraganglia and nerves.

Part of the surge normally seen at
delivery is likely due to some degree of
hypoxia; nearly every newborn has an
oxygen debt akin to that of a sprinter
after a run. This oxygen deficiency,
however, cannot alone account for the
high catecholamine levels normally
seen; a direct relation between asphyx-
ia (as measured by plasma pH) and
catecholamine levels is found only
when an infant is considerably as-
phyxiated. Animal studies show that
pressure on the head during uterine
contractions can stimulate sympatho-
adrenal activity, which suggests that
compression of the head of the hu-
man fetus accounts in large part for
the increased secretion of catechol-
amines during labor. Data collected
by Lars Irestedt, Paul Hjemdahl and
one of us (Lagercrantz) adds weight
to the suspicion: infants delivered by
elective Caesarean section without la-
bor had low catecholamine levels,
whereas those delivered by emergency
surgery (after labor had begun) had a
surge only slightly lower than that of
vaginally delivered infants.

e could not ignore the surprising-
ly high catecholamine elevation
observed in the fetus during even rou-
tine delivery. It implied that in addi-
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FETAL RESPONSE TO ASPHYXIA resembles that of a marine animal during a dive.
When a seal submerges its head, the catecholamine level rises as the sympathetic nerves and
adrenal glands secrete the hormones. The hormones then cause a decrease in peripheral
blood flow and an increase in the amount of blood shunted to the brain, heart and adrenal
glands. Together the catecholamines themselves and the blood-flow changes they produce
lead to an increase in blood pressure and a slowing of the heart rate. Similarly, when a
human fetus is deprived of oxygen, its adrenal glands and paraganglia (and, to a small
extent, its developing sympathetic nerves) cause plasma catecholamines to soar. As a result
the flow of blood to the periphery is decreased, blood flow to the brain, heart, adrenal
glands and placenta is increased, blood pressure is elevated and the heart rate is slowed.
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CATECHOLAMINE LEVELS in newborns and adults are compared. Levels in umbilical
samples of newborns were found to be about 20 times higher on the average than levels in
the venous blood of resting adults. Neonates also had higher catecholamine levels than a
variety of stressed adults. (A pheochromocytoma is a catecholamine-producing tumor.) The
finding that healthy infants who were delivered vaginally had higher catecholamine levels
than severely stressed adults provided one of the first clues that a surge of hormones during
delivery has a function beyond the acute protection of the fetus from oxygen deprivation.
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tion to protecting the fetus during the
acute stress of delivery the catechol-
amine surge at birth probably has a
second role: enhancing the neonate’s
ability to function effectively when it is
first separated from the mother. Work
in the past several years has demon-
strated that the catecholamine surge
facilitates normal breathing and has
other effects that prepare the infant to
survive lack of nourishment, oxygen
deprivation or other adversity in the
first hours of life.

The promotion of breathing is an ex-
tremely important adaptational effect
of a catecholamine surge near deliv-
ery. Infants delivered by elective Cae-
sarean section are known to be predis-
posed to breathing difficulties. Two
major factors are inadequate absorp-
tion of lung liquid at birth, which gives
the lungs a wet look, and inadequate
production of surfactant: a soaplike
substance that decreases surface ten-
sion in the alveoli of the lung (where
oxygen and carbon dioxide are ex-
changed) and allows them to remain
open. The absorption of lung liquid
and the release of adequate surfactant
both appear to depend on the sustained
increase in plasma catecholamines in
the hours immediately before birth.

The importance of a sustained cate-
cholamine surge (particularly adrena-
line) to the absorption of lung liquid at
birth has been demonstrated by ele-
gant experiments carried out with fetal
sheep by Richard E. Olver, Leonard B.
Strang and D. V. Walters at University
College London. Liquid is naturally
secreted into the lungs of fetal sheep at
the approximate rate of from 200 to
300 milliliters per 24 hours and moves
through the lungs as if it were air. This
phenomenon appears to be important
for alveolar development during ges-
tation but, as in the human, the proc-
ess must reverse itself by the time of
birth. When the workers injected the
sheep with adrenaline, the secretion of
lung liquid stopped immediately and
the liquid was absorbed. The injected
adrenaline had its greatest effect at
term, as is to be expected if a catechol-
amine surge near delivery is important
to the development of respiratory
competence. Measurement of plasma
adrenaline and lung-liquid absorption
in fetal sheep during delivery con-
firmed that formation of liquid ceases
and is replaced by absorption as adren-
aline levels soar in the few hours be-
fore the infant is born.

The studies of rats at Duke confirm
the vital importance of a catechol-
amine surge during delivery to lung
function and the ability to withstand
low-oxygen conditions during delivery
and at birth. Administration of drugs
that block beta-2 receptors, which me-



diate adrenaline’s effects on surfactant
production and lung-liquid absorp-
tion, severely compromised the ability
of day-old rats to survive low-oxygen
conditions. When slightly older ani-
mals (eight days old) were given such
receptor-blocking drugs, no difficulties
were observed. Apparently a catechol-
amine rise not only is crucial to lung

function after birth but also must oc-
cur within a couple of days before or
after delivery if it is to improve respi-
ration in the neonate.

Although the production and ab-
sorption of lung liquid cannot be as-
sessed directly in newborn humans,
our Karolinska group (Irestedt, Gerd
Faxelius, Kerstin Hagnevik, Bo Lun-

dell, Ingrid Dahlin and Lagercrantz)
has found that results derived from an-
imal studies apply to human infants as
well. We measured lung compliance
(the ability of the organ to stretch and
fill with air), which is partially depen-
dent on lung-liquid absorption. There
were few differences between vaginal-
ly and surgically delivered babies im-

BEFORE DELIVERY (PRIOR TO TERM)

STRESS-HORMONE LEVELS in the human infant before, dur-
ing and after delivery are estimated. (Direct measurement of cate-
cholamines is not possible in the human fetus.) Levels are usually
low until a few days before birth (fop), rising only when the infant is
stressed. They surge during a vaginal delivery (middle), largely in
response to maternal uterine contractions (which cause intermittent
oxygen deprivation) and to squeezing of the head as the fetus moves
through the birth canal. This surge both protects the infant from
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asphyxia during delivery and facilitates stable functioning at birth.
If a Caesarean section is done before the mother goes into labor,
the infant is unlikely to have a catecholamine surge during delivery.
If the infant is distressed during delivery, as it is when the umbili-
cal cord wraps around the neck, catecholamine levels may soar ex-
traordinarily high; such levels combined with low pH levels indicate
that an emergency surgical delivery is needed. After the initial
hours of life (bottom) catecholamines usually stay at resting levels.
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ADAPTATIONAL EFFECTS of a catecholamine surgeduringdelivery include promotion
of normal breathing, alteration of blood flow to protect the heart and brain against poten-
tial asphyxia, immediate mobilization of fuel for energy and, possibly, enhancement of ma-
ternal-infant attachment. In general the effects prepare the body to sustain homeostasis
(Stable functioning) at birth even if the neonate is exposed to such adversity as oxygen
deprivation. After delivery catecholamines can also activate, in response to cold, a special-
ized heat-producing tissue called brown fat that is unique to the infant and young child.
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LUNG COMPLIANCE after vaginal and after Caesarean delivery is plotted, along with
average catecholamine concentrations before birth, based on data from 27 infants. Compli-
ance (the ability of the lung to stretch and efficiently exchange carbon dioxide and oxygen
with capillaries through the alveoli) is measured by the relation of lung volume to pressure.
Catecholamine concentrations before birth were measured in samples of scalp blood. Many
studies have shown that infants delivered vaginally have more compliant lungs after birth.
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mediately at birth, but two hours lat-
er the vaginally delivered infants had
significantly better lung compliance.
Moreover, there was a close correla-
tion between the catecholamine con-
centration at birth and lung compli-
ance at the two-hour mark in the vagi-
nally delivered group.

The fact that changes in lung com-
pliance did not occur immediately af-
ter delivery but were delayed indicates
that the effects are the result of circu-
lating catecholamines; they are not
caused by a mechanical squeezing
of the thorax during delivery, which
would have produced immediate ef-
fects. The conclusion that catechol-
amines facilitate breathing at birth is
also confirmed by observation of in-
fants born to mothers who have been
given beta-adrenergic drugs, which
mimic adrenaline’s effects, in an ef-
fort to prevent preterm labor. Infants
of such mothers rarely suffer from
severe respiratory distress.

n addition to promoting normal

breathing, a catecholamine surge
before birth also speeds up the infant’s
metabolic rate at birth. This acceler-
ates the breakdown of stored energy
into forms that can nourish cells once
the infant no longer receives a steady
supply of nutrients from the umbilical
cord. Mark A. Sperling of the Univer-
sity of Cincinnati College of Medicine
has shown in sheep that formation of
the sugar glucose begins immediately
after a normal delivery. Similarly, our
Karolinska group has found higher
levels of glucose, free fatty acids and
glycerol (all of them products of the
breakdown of stored fuel) in the blood
of vaginally delivered infants than in
those delivered by elective Caesarean
section. We have also found an in-
creased incidence of low blood-sugar
levels in surgically delivered babies,
which indicates that the body’s pre-
ferred source of fuel is in short supply
in such infants.

The third major adaptational effect
of a sharp catecholamine rise during
delivery is to alter blood flow. Our Ka-
rolinska group, in collaboration with
Alice Yao of the Downstate Medical
Center of the State University of New
York in Brooklyn, has demonstrated
that the vaginally delivered infant is
born with an enhanced blood flow to
vital organs and a restricted flow to the
periphery. We found that the blood
flow was lower through the leg and
higher through the lungs in the vagi-
nally delivered group during the first
two hours of life and was correlated
with plasma noradrenaline levels at
birth. Being born with an increased
blood flow to vital organs may not be
critical to every neonate, but it should



enhance the survival chances of a new-
born who is experiencing breathing
difficulties.

A review of Apgar scores, which
measure the degree of asphyxiation
in newborns, corroborates the impor-
tance of a catecholamine rise during
delivery to the infant’s ability to sur-
vive asphyxia. The review indicates
that in general the higher the catechol-
amine surge is, the more the infant is
likely to be able to withstand oxygen
deprivation. Apgar scores, which are
routinely assigned at birth to most in-
fants born in North America and Eu-
rope, reflect the combined results of
five measurements. The highest score,
10, is given if the heart rate is strong,
breathing is regular, muscle tone is
good, the infant reacts well to external
stimulation and skin color is good. In-
fants whose score is below 7 are likely
to have a lower heart rate, hypotonia
(poor muscle tone) and cyanosis (blue
coloring due to lack of oxygen in the
blood), or some similar combination
of ills.

At one time we believed there was
an inverse relation between the cate-
cholamine concentration in newborns
and the Apgar score, since asphyxiated
infants usually had higher catechol-
amine concentrations than healthy
ones. Recent work has shown the rela-
tion to be more complicated. Infants
who were moderately asphyxiated
during delivery (according to pH lev-
els in their umbilical blood) were
found to have normal Apgar scores at
birth if they had high catecholamine
levels, low Apgar scores if they had
low catecholamine levels. In other
words, the secretion of catecholamines
appeared to counteract the effects of
oxygen deprivation.

More hypothetical than the find-
ing that catecholamines enhance phys-
iological adaptation to extrauterine
life is the possibility that a catechol-
amine surge at birth facilitates attach-
ment between mother and child. Mar-
shall H. Klaus and John H. Kennel of
the Case Western Reserve Universi-
ty School of Medicine have proposed
that the first hour after birth is a crit-
ical period for maternal-infant bond-
ing; if such attachment does not take
place, the mother-child relation can be
disturbed for some time. These find-
ings are highly controversial. If they
are correct, the implication is that be-
ing aroused and ready to interact at
birth is more adaptive than being slug-
gish and unaware.

We suspect, based on admittedly in-
formal observations, that the catechol-
amine surge at birth could give rise to
such infant arousal. One reason for
thinking so is that the catecholamine
concentrations seen in a normally de-
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INFANT IS ALERT five to six minutes after birth and has dilated pupils in spite of strong
light, effects that appear to be caused by the surge of catecholamines during a vaginal
delivery. By causing the infant to be alert, the hormonal surge may well facilitate attach-
ment between mother and child during the first hour of life. This photograph is one of a se-
ries commissioned by John Lind of the Karolinska Institute for a study of infants at birth.

livered neonate during the first hours
of life would cause an adult to be alert
and aroused and even at times to have
a sense of well-being.

Beyond their adaptational functions,
catecholamines continue to be im-
portant to the newborn’s survival dur-
ing stress, just as they are for the fetus
or the adult. If an infant is starved for
several days (as it is in some cultures
where the neonate is fed only after
breast milk becomesavailable), a cate-
cholamine response to the starvation
will mobilize needed fuel from the liv-
er’s glycogen stores and from fat. If a
newborn is left outside in the cold,
a response by the sympathetic nerves
leading to a unique tissue known as
brown fat will stimulate the tissue to
rapidly convert chemical bonds in its
fat stores into heat. Brown fat, which is
concentrated under the skin of the
shoulder and near the kidney in the
neonate, diminishes after early child-
hood. The neonate is particularly sus-
ceptible to rapid heat loss because it
has a high surface-to-volume ratio.
Taken together, the weight of the ev-
idence indicates that the elevation of
“stress” hormones in the normally de-
livered newborn reflects not only a
response to acute stress but also an
attempt by the body to enhance the
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chances for survival at birth. Such
findings suggest that infants delivered
by elective Caesarean section before
the mother begins labor may be at
some disadvantage.

One way to overcome the disadvan-
tage might be to administer catechol-
aminelike drugs to surgically delivered
newborns, but this approach has yet to
be proved safe and effective. In the
meantime some obstetricians, partic-
ularly in the U.S., are now attempting
to give the infant the benefit of a cat-
echolamine surge by delaying surgi-
cal delivery—when they can—until the
mother has experienced at least the
early stages of labor. It is also evident
that drugs interfering with the action
of catecholamines (such as certain
antihypertensives) should be avoid-
ed during pregnancy, and particularly
near term.

It should be a comfort to parents to
know that from the infant’s standpoint
the stress of labor during normal birth
is likely to be less unhappy and more
beneficial than common sense would
suggest. Photographs commissioned
for a study by the late John Lind of
the Karolinska Institute bear out this
point [see illustration above]. Lind found
that most of the newborn infants in the
series look aroused and cheerful—not
unhappy—at birth.
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Playing the Baroque Trumpet

Research into the history and physics of this largely forgotten

instrument is revealing its secrets, enabling modern trumpeters

to play it as the musicians of the 17th and 18th centuries did

by Don Smithers, Klaus Wogram and John Bowsher

he current revival of baroque
I music puts great emphasis on
methods of singing and playing
that satisfy criteria for historically cor-
rect performance. In particular, many
instrumental ensembles in Europe and
North America are dedicated to play-
ing 17th- and 18th-century music with
authentic baroque techniques on origi-
nal instruments or on modern instru-
ments copied from surviving originals.
The difficulties encountered in this at-
tempt are nothing less than formida-
ble. Considerable scientific and histori-
cal research is required—as much or
more for the restoration of an antique
piece of music as for the restoration of
an old painting or building.

By now most baroque musical in-
struments have been successfully re-
vived, the surviving originals having
yielded virtually all their secrets. A
few instruments, however, have been
slow to attain the degree of revival
needed for a pleasing and at the same
time historically correct musical per-
formance. Of these the baroque trum-
pet is the least understood. There ap-
pear to be two fundamental and not
mutually exclusive reasons. The reviv-
al of an antique musical instrument is
dependent on continuity in its design
and manufacture and also on the per-
sistence of its playing techniques in the
memory of musicians. If there has
been a significant period during which
the instrument has not been manufac-
tured, with an attendant loss of the
skills necessary for playing it, there is
little reason to suppose a revival will
be either quick or easy. Today the ba-
roque trumpet is not manufactured the
way it was in the 17th and 18th centu-
ries, and its playing techniques have
been seriously compromised.

Unlike the modern trumpet, the ba-
roque instrument had no mechanical
devices (valves, keys, finger holes and
the like) to help produce a complete
scale from its lowest to its highest reg-
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isters. It was in fact simply a long
coiled or folded metal tube, rather like
the modern bugle. And like the bugle,
it had an air column whose overall
length was fixed. Hence the instrument
was more or less limited to those notes
that can be produced from a fixed
column of air; the notes are called
harmonics or overtones. It is for this
reason baroque trumpets and horns
are sometimes referred to as natural
instruments.

I{cstrictcd as he was to the natu-
ral tones—the harmonics—the ba-
roque trumpeter had to have an instru-
ment of appropriate length and design
and had to develop special playing
techniques to be able to sound enough
of the available harmonics to generate
a musical scale. Such an instrument
would have been approximately eight
feet long. (A shorter tube would yield
fewer playable harmonics.) The eight-
foot tube produces as its fundamental,
or lowest note, C2 (two octaves below
middle C on the piano). As a conse-
quence the trumpet was capable of
producing a discrete series of harmon-
ic tones (called partials) above the fun-
damental note, which is also called
the first harmonic [see middle illustra-
tion on page 112].

The fundamental can be altered by
changing the length of the tube; the
result is a higher or lower series of up-
per harmonics, depending on the pitch
of the fundamental. The trombone is
an example of a brass wind instrument
with a variable fundamental. Because
it has a slide that can vary the length of
the air column, the trombone player
can pick notes from several different
harmonic series, thereby filling in the
gaps of a single series to make a com-
plete scale. In the modern trumpet and
horn the valves serve a function simi-
lar to that of the trombone slide.

A problem for the baroque trumpet
arises from the fact that several notes
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of the harmonic series are not in tune
from the viewpoint of Western stan-
dards of intonation. This makes mat-
ters worse for the baroque trumpet-
er and constitutes the major obstacle
in relearning the lost art of baroque-
trumpet playing. The natural harmon-
ics between the sixth and 16th partials
that are prime numbers (evenly divisi-
ble only by themselves and 1) are nota-
bly out of tune for virtually any stan-
dard of musical temperament in the
West. The seventh harmonic (and
therefore also its octave) is too flat;
the 11th is neither an F5 nor an F5
sharp, and the 13th is neither an A5
nor a G5 sharp.

Furthermore, such notes as D4, F4,
A4, B4 natural, C5 sharp and E5 flat,
which appear frequently in parts writ-
ten for the instrument by 17th- and
18th-century composers, are nowhere
to be found within a harmonic series
based on a fundamental of C2. Yet
the skilled baroque trumpeter was ap-
parently expected to play them even
though he had nothing but the stan-
dard, fixed-pitch instrument that under
normal circumstances could produce
only the series of harmonics described
above. Until it was shown both in live
performances and in recordings that
these notes could in fact be played in
tune and with enough resonance on an
authentic baroque trumpet, many peo-
ple thought they either were mistakes
or were intended to be played on an
instrument of variable pitch, such as a
slide trumpet. Recent demonstrations
on uncompromised historical instru-
ments show that baroque composers
knew what they were about.

The last writer who seems to have
had some firsthand experience with the
daunting problems of playing the ba-
roque trumpet was the 18th-century
German musician Johann Ernst Alten-
burg. He wrote that trumpeters needed
both theoretical and practical instruc-
tion “partly because of these missing



BAROQUE TRUMPETER Johann Gottfried Reiche is seen here
with his coiled tromba da caccia. Reiche was senior municipal mu-
sician and played first trumpet in J. S. Bach’s Leipzig orchestra from
1723 until his death in 1734. The piece of music in his left hand is

a short but dithcult tanfare that has been recorded by one of the
authors (Smithers) on a replica of the instrument; the recording
is heard as the introduction to a CBS news program. The portrait,
by Elias Gottiob Haussman, hangs in the old town hall in Leipzig.
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and out-of-tune notes, but partly also
because this instrument tends to re-
main a mystery, more so than other
and contrived instruments.” Recent sci-
entific investigations—the first of their
kind—have attempted to give some
definition to the mysterious and to pro-
vide a body of data relevant to a better
understanding of the technical difficul-
ties of playing the fixed-pitch baroque
trumpet the way it was intended to be
played in countless works by Purcell,
Bach, Handel and many other baroque
composers. These investigations illus-
trate the inseparable union of science
and practice.

Earlier studies tended to concentrate
on the acoustical characteristics
of the instrument. Little attention was
given to the integration of the instru-
ment, its mouthpiece and the player.
To understand the mysteries of ba-
roque-trumpet playing requires an ex-
amination of the dynamic interactions
among all three components, inas-
much as it is now known that the play-
er has an enormous effect on the sound
production of an instrument, consider-
ably modifying its acoustical outputs.
Such variables as an individual play-
er’s lips, teeth, tongue, oral cavity
and throat also influence the sound
directly, regardless of the particular
physical characteristics of the instru-
ment itself.

What occurs in the regions before

(behind) and after (in front of) the vi-
brating lips is equally significant; the
antevibratory and postvibratory envi-
ronments are not mutually exclusive
but interactive. In other words, the
generation of a trumpet’s sound is not
entirely dependent on the region of vi-
brating air beginning in front of the
player’s lips and extending to the in-
strument’s bell-flare termination. The
vibrating lips set up regimes of oscil-
lation in the air not only within the
mouthpiece and instrument but also
in the player’s oral cavities. The way
these resonances interact is now the
subject of much study. The prelimi-
nary data make it clear that the inter-
action is a hitherto unexplained but
important factor in the generation and
control of certain notes, particularly
in the middle and upper registers of
the instrument.

For example, any skilled brass play-
er knows that nimble manipulations of
the tongue or the throat muscles, or
both, on sustained notes make it possi-
ble to perform trills without recourse
to any mechanical devices (valves or
keys). Without necessarily understand-
ing the underlying theory, the prac-
ticed artist thus alters the postvibrato-
ry resonances, which in turn control
what is then heard from the player and
his instrument. So-called lip trills are
therefore a misnomer: fluctuations of
the resonances behind the player’s os-
cillating lips (in the antevibratory re-

gions) are sufficient to alter the dy-
namics of the postvibratory air column
(within the mouthpiece and the instru-
ment). Comparable effects can be gen-
erated by displacements of the vibrato-
ry apparatus itself, either by shaking
the mouthpiece on the lips or by some
movement of the lower jaw. Such
methods are generally unsatisfactory,
however. They cannot attain the kind
of control that can be exerted by sub-
tle fluctuations of the antevibratory
resonances within the player’s mouth
and windway.

In contrast to all other types of musi-
cal instrument, brass wind instruments
have no oscillator of their own. The
sound is produced entirely by the vi-
brations of the player’s lips, which in
turn modulate the air contained within
the entire system. This is why the influ-
ence of the player on such acoustical
parameters as sound and pitch is high-
ly distinct with these instruments.

he integration of player, mouth-

piece and brass wind instrument
can be represented by an analogous
but simplified model of these three dis-
tinct components in an electrical dia-
gram [see top illustration on page 112].
Theory holds that for a trumpet play-
er’s lips to oscillate, the total of postvi-
bratory and antevibratory impedances
should have equal magnitudes but op-
posite angles of phase. With an instru-
ment this condition is easy to meet, and

=

110

© 1986 SCIENTIFIC AMERICAN, INC

TWO TYPES of baroque trumpet are de-
picted. At the top is a long, twice-folded nat-
ural trumpet (lacking valves or keys) tuned
to a high-pitch D. The instrument is one of
a matched set of three trumpets made by Jo-
hann Leonhard Ehe in Nuremberg in 1746.
The other instrument is a circular tromba
da caccia tuned to a low-pitch D. It was
made by Johann Wilhelm Haas in Nurem-
berg in 1688. The Haas firm of trumpet,
horn and trombone makers was reputed to
have made the best natural trumpets during
the baroque era. The trumpet (tromba da
caccia) shown in the portrait of Reiche on
the preceding page may be a Haas trumpet.



so the player can control the precise |
nature of the oscillation with small ad- |
justments of the antevibratory imped- |
ances. When the player sounds his lips
by themselves or with only a mouth-
piece, however, the postvibratory im- ‘
pedances become those corresponding
to free radiation or to the mouthpiece.
The player in this situation has to make
major adjustments of the impedances
to ensure that oscillation can take
place. Simple estimates of the magni- |
tudes involved emphasize how impor-
tant the impedances under the control
of the player are and how relatively
unimportant the impedance of the in-
strument itself is.

The least understood parameter of
brass-wind-instrument playing in gen-
eral and of baroque-trumpet playing in
particular is the dynamics of the play-
er’s lips. Since the lips make the prin-
cipal (and initial) contribution to the
generation of sound in any brass wind
instrument, it is ironic and regrettable
that the dynamics of the lip vibrations
is poorly understood. What one must
deal with in this analysis is the non-
linear relation between the flow of air
through an orifice and the pressure
across the orifice.

The orifice formed by the gap be-
tween the lips becomes smaller as the
player produces higher notes. With the
rise in frequency there is a dispro-
portionately rapid rise of resistance,
while at the same time the vibrating
mass is reduced, with an attendant
reduction of the surface area in the
source of vibration and a decrease
of amplitude.

A result of these phenomena is that
there is an inherent difference between
notes played with a large mouthpiece
and notes played with a small one. This
conclusion is entirely supported by the
experience of playing a baroque trum-
pet in the original way. With a large,
flat-rim mouthpiece it is possible to
play notes in the high clarino register
(from the 12th harmonic upward) that
require different surfaces of the lips to
vibrate than the lower notes of the bas-
so register do. It is noteworthy that the
baroque trumpet had about the same
length of air column as the modern
trombone has and a mouthpiece of
comparable dimensions, and yet the
clarino register of the instrument is at
least an octave higher than the high-
est notes most trombonists today ever
have to play.

What the baroque trumpeter had to
achieve in playing these high notes
bears little resemblance to the tech-
niques used by most modern trumpet
players. Since modern mouthpieces
are much smaller than those made
in the 17th and early 18th centuries,
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CIRCUIT DIAGRAM represents the integration of player, mouth-
piece and brass wind instrument. Steady pressure comes from the
player’s lungs in series with the pharynx and vocal tract, represent-
ed by the series impedance. That impedance contains all the adjust-
ments under the control of the player, such as jaw opening and
tongue position. The player’s lips move into and out of the mouth-
piece, creating volume flows under the pressures in those two posi-

tions, shown as lip-movement impedances. The time-varying resis-
tance of the lip opening reaches infinity when the lips are closed;
the values are small when the lips open wide in playing low notes.
This large cyclic variation results in the characteristic waveforms
of pressure found in the mouthpiece. They are shown here as the
mouthpiece pressure developed across the input impedance of the
instrument and as the air pressure measured in the player’s mouth.

HARMONICS
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
-
¢}
Z -
—&-

AMERICAN C2 C3 C4 C5 Cé
EUROPEAN C c c’ c” c”

HARMONIC SERIES based on a fundamental, or lowest note, of
C2 (two octaves below middle C on the piano) indicates the range
of notes available to a baroque trumpeter whose instrument had
an eight-foot tube. The instrument could produce a discrete series

eral notes (color) appear frequently in parts written for the baroque
trumpet by 17th- and 18th-century composers but are not part of
the harmonic series based on C2. The trumpeter in baroque times
was apparently expected to play them regardless of the fixed pitch

(black) of partials, or harmonic tones, above the fundamental. Sev-  of his instrument. Recent research shows that they can be played.

ACTION OF LIPS in playing a brass wind instrument is represented in this schematic dia-
gram, in which P is the air pressure in the lungs, P,, the air pressure in the player’s mouth,

e K the muscle force of the lips, K,, the force of the compressed air in the mouth against
the lips, f 1, the oscillation frequency of the lips and ¢ time. The lips represent an oscillating
= (2’) L= y system composed of a mass m and a spring (a). The lips behave like two flaps that tend to
> be held closed by the springlike elastic lip forces (b). As the internal air pressure in the mouth
u<.| o rises, the lips open at the moment the force K,, becomes larger than the force K, (¢c). A cer-
>0 tain amount of air then escapes as a positive pressure impulse. The resultant drop of pres-
g% sure in the mouth causes the lips to close (d); the pressure rises once more, forcing the lips
W apart again. The result is a particular regime of oscillation in which the variation in the area
To 0 of lip opening with time is sinusoidal (¢). If lip mass, lip tension and air pressure are kept
| —_— constant, the relaxation time will decrease with a reduction of volume in the mouth cavity.
1 t The player can alter the volume by changing the position of the tongue. He facilitates the
f ' playing of low notes by depressing the tongue and of high notes by arching it up and forward.
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high notes are often produced only by
pressing or squashing the lips as air is
forced through the tightly pinched
subcutaneous tissue. This not only
causes the lips to tire quickly but also
may cause the actual damage to lip
tissue noted by some players.

Because the lips are living tissue and
the only source of sound for a
brass wind instrument, there are strong
correlations between playing the ba-
roque trumpet and singing. The trum-
peter’s lips function much as the sing-
er’s larynx does, with the result that
clarino playing has a number of simi-
larities to the techniques used by a col-
oratura soprano. Indeed, many writ-
ings on playing a brass wind instru-
ment assert that it is necessary for
the student to study singing. One 18th-
century writer’s advice to the clarino
player was to think always in terms of
singing when playing and to imitate
a beautiful voice as much as possible.

As many musicians who play horns,
trombones or trumpets know, there
are strong correlations between the
first and third vocals (aa and ee) in
singing and the production of notes
from the lowest (aa) to the highest (ee)
registers of a brass wind instrument.
The baroque trumpet seems particu-
larly susceptible to subtle changes in
antevibratory resonances, whether be-
cause of the instrument’s bore length
of approximately eight feet or because
of a combination of several acousti-
cal factors, including those of the
mouthpiece.

The production of notes in the low-
est basso register depends on a wide-
open windway, with the tongue de-
pressed in the first vocal position and
the lips as loose and massy as possible.
High notes, on the other hand, require
the tongue to be arched up against the
hard palate (in the third vocal posi-
tion), leaving as little space as is neces-
sary to allow a flow of air and nearly
closing off the windway from the oral
cavity. In addition the lips must be
tightly puckered.

Examination with a stethoscope of
baroque-trumpet players performing
from the lowest to the highest registers
has verified the effect of these antevi-
bratory resonances. Low notes were
found to be sounded loudest in the
laryngeal region and upper bronchi,
whereas the highest frequencies at-
tained their greatest amplitude in the
uppermost parts of the throat and un-
der the chin. Sounds also recorded at
the cheeks and the bones near the nose
may have been due both to air vibra-
tions in the oral cavity and to the con-
duction of sound from the lips to the
teeth and into the upper jaw.

Changing the position of the tongue
also affects the timbre, or tone color, of
a note played on a brass wind instru-
ment. The effect can be seen in record-
ings of the sound spectra for several
comparable activities [see rop illustra-
tion on next page]. When the tone C5 is

recorded at a distance of one meter
in front of a player sounding his lips
without a mouthpiece or an instru-
ment, the effect is virtually the same as
when high and low notes are played
on a jaws’ harp. The number of over-
tones increases when the back of the

PRESSURE (KILOPASCALS)

10 15 20

TIME (MILLISECONDS)

ALTERNATING PRESSURE measured with a probe microphone in the mouthpiece of a
trombone is charted for the notes B2 flat, B3 flat, F4 and B4 flat, reading from the top. The
zero line on the pressure scale represents a pressure that is approximately atmospheric.
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SOUND SPECTRA for two methods of sounding the tone C4 are
compared. At the left a baroque-trumpet player sounded his lips
alone, without a mouthpiece or an instrument. At the right he sound-

ed a twice-folded natural trumpet. In each case the top graph rep-
resents a large mouth volume (tongue back and down), the bot-
tom graph a minimal mouth volume (tongue forward and arched).
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FOUR INSTRUMENTS are represented in these sound spectra
showing the average values of a two-octave tone array. The instru-
ments are a twice-folded baroque trumpet in C (a), a coiled baroque
trumpet, the tromba da caccia, or clarino, in D (b), a modern piccolo
trumpet in B flat (c) and a cornetto (played with finger holes) in A

114

(d). The differences between the baroque trumpets and the piccolo
trumpet, which often substitutes in modern performances, show
that baroque-trumpet music cannot have the necessary brilliance
and clarity when it is played on the piccolo trumpet, which is one-
fourth the length of the instrument the composer had in mind.
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tongue is arched in the high, third vo-
cal position (reducing the volume of
resonance in the mouth), and it de-
creases when the tongue is depressed
in the first vocal position (increasing
the mouth’s resonance volume). At the
same time there is a rise in the noisy
components, as is seen in the increase
of 20 decibels in the sound level at
frequencies above six kilohertz (6,000
cycles per second). This means that
the resonance frequency of the mouth
cavity rises with the elevation of the
tongue and that there is a greater tur-
bulence in the airflow and a decrease
of lip displacement.

Comparable spectra appear when,
instead of sounding the lips alone, the
player blows a natural trumpet under
identical conditions [see bottom illus-
tration on opposite page]. For a large
mouth volume (low tongue position)
a full and bright sound is obtained; it
has a rich assembly of overtones and
only a slight amount of noise, because
of the strong vibration and large dis-
placement of the lips. When the mouth
volume is made smaller with a high
tongue position, the sound is rougher
and has a nasal and obtrusive tone col-
or. To obtain stable tones in the very
high clarino register it is necessary to
reduce the volume of the mouth as
much as possible, although this action
does not always produce a satisfacto-
ry tone color.

Next to the instrument itself, the
mouthpiece is the most crucial el-
ement for playing a brass wind instru-
ment. It is an integral part of the in-
strument, equal to it in importance for
generating specific impedance maxima
(the ratio of the pressure to the volume
velocity at a given surface) and achiev-
ing a favorable intonation curve (the
curve that reflects the values of the
playing frequencies), particularly for
notes above the sixth harmonic. The
mouthpiece and the instrument there-
fore have to be matched. Moreover, as
we have pointed out, the player is part
of the total system, and so the mouth-
piece must be matched to the player as
well as to the instrument. It is the inter-
face between the two.

For these reasons the mouthpiece is
one of the player’s most personal items
of equipment. The relation seems to be
more critical for playing the baroque
trumpet than it is for playing any other
brass wind instrument because of the
extremes of range with which the ba-
roque trumpeter has to cope. The in-
strument’s lowest basso register is
equal to that of the trombone. Its up-
permost clarino register is often above
the normal range of a modern trumpet,
and that range is already an octave
higher than the upper limit of the

trombone and at least a fifth above
the French horn.

The many ancient baroque-trumpet
mouthpieces that survive suggest play-
ers and makers took a strong interest
in mouthpiece design and construc-
tion. No two are alike. Mouthpieces
were clearly made to suit the feel and
facial structure of individual players.
Equallyimportant, mouthpieces would
have been made to match the player’s
instrument.

A modern player can learn to cope
with mouthpieces of different kinds,
usually one at a time over a long pe-
riod. The process carries some risk,
however, to the sensitive neuromuscu-
lar apparatus of the sound generator
(the lips as well as the neck and facial
muscles). Given a choice, a competent
performer always prefers to have a
mouthpiece that feels comfortable and
produces the best acoustical response.

Notwithstanding the uniqueness of
each baroque-trumpet mouthpiece,
the mouthpieces collectively have sev-
eral common features. Nearly all of
them are larger than the largest mod-
ern trumpet mouthpieces. Various
methods of dating indicate that the
ones from the 17th century are larger
than ones made in the 18th century.
More important, the design of ba-
roque-trumpet mouthpieces is consis-
tently different from that of their mod-
ern counterparts. The design not only
promotes greater resonance in the low-
est harmonics but also gives great-
er definition to the uppermost partials
and allows more control of nonhar-
monic tones.

Furthermore, the peculiar design of
some baroque-trumpet mouthpieces
causes an increased excitation of the
higher frequencies. That, in conjunc-
tion with the deeper and more resonant
presence of the lowest harmonics gen-
erated in an eight-foot air column,
produces for each note a far richer
and broader sound spectrum than one
hears from shorter modern trumpets.
The modern piccolo valve trumpet,
which is the instrument employed in
most contemporary performances of
baroque music, produces somewhat
shrill tones because it is only about two
feet long.

he last part of the equation of ba-

roque-trumpet playing, but by no
means the least important, is the in-
strument itself. Here one encounters
an oddity: in spite of the perfection of
modern, machine-made components
as opposed to the irregularities in 18th-
century handmade construction, the
old instruments are much easier to
play and are more in tune than modern
facsimiles. Recent acoustical research
has shown that the intonation of an
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instrument (the values of the reso-
nance frequencies) is determined al-
most exclusively by the shape of the
inner walls of the air column. On the
other hand, the response of an instru-
ment is almost entirely determined by
what is called the Q factor of the res-
onance, that is, by the smoothness
and the degree of precise continuity
of the inner surface of the metal tube
(and to some extent by the material
the tube is made of).

Baroque trumpets, both original and
modern, consist mainly of joined cy-
lindrical tubes (either coiled or fold-
ed), with a final short conical flaring
section. In modern reproductions the
methods of manufacture produce a
consistently regular and smooth inner
surface, thereby creating resonances
with high Qfactors. Inasmuch as there
is no particular relation between reso-
nance frequencies and the harmonic
components of the sound, the modern
instruments display less variability of
pitch than the 17th- and 18th-century
originals. As a result it is difficult to
play them in tune.

The components of old brass instru-
ments were fashioned from sheets of
brass, as they are today, but hand-
hammeredsheets of brasslack the con-
sistency of modern ones rolled by ma-
chine. Furthermore, when the hand
craftsmen made the sheets into lengths
of tubing by shaping and hammer-
ing them over steel rods, they intro-
duced many irregularities on the inner
surface. These small but significant
imperfections were compounded by
irregular tube diameters, imperfectly
made fittings and a lack of symmetry
in the places where the tubing had to
be bent. All these variations caused a
decrease in the Q factor of the ba-
roque trumpet’s resonances, thus flat-
tening the resonance curve.

The end result is that the musician
playing an antique baroque trumpet
can “bend,” or vary, the natural har-
monics, so much so that many of the
old instruments can be played in tune
without creating unacceptable changes
in tone color and response. To achieve
this capability nearly all modern mak-
ers of baroque trumpets have resort-
ed to the expedient of putting pitch-
correcting finger holes in their instru-
ments so that the trumpeter can play
them in tune. This is not only a fal-
sification of historical principles but
also a self-defeating compromise of
specific acoustical parameters and
of the intended playing techniques.
Only by consistently applying histor-
ical principles to all three parts of the
equation—the player, the mouthpiece
and the instrument—can one accu-
rately revive the lost art of playing
the baroque trumpet.
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Fiber optics:

beyond

20,000,000,000 bits/sec.

Summary:

GTE scientists have demon-
strated laser modulation and
detection at rates as high as 20
gigabits/second. They have
developed ultra-small lasers
that have light emitting areas as
small as 0.2 square microns.
They are working to improve
the glass fiber itself, as well as
to produce optical analogs of
electronic switches with the
long-range goal of all-optical
systems, in which message
streams are switched as much
as 10,000 times faster than at
present.

GTE commercial involvement in fiber
optics communications systems dates
from the first such installation in Arte-
sia, California, in 1977.

Our scientists developed the sys-
tem’ technology and equipment, and
have been contributing to the state of
the art ever since.

Current projects deal with increas-
ing the capacity, the versatility, the
applications of the systems; longer-
term, we are exploring the possibility
of all-optical systems.

Faster and faster...

Until recently, optical systems proc-
essed digital streams at speeds rang-
ing up to hundreds of megabits per
second.

Fast though that may seem, today’s
carriers are seeking speeds in the
gigabits-per-second range. This might
even permit the glass to be brought
directly to satellite earth stations or
microwave towers, for example, for
direct conversion of radio signals to
light.

Recently, GTE demonstrated the
ability to turn diode lasers on and off
at rates as high as 20 gigabits per sec-
ond—about 333 % higher than the
greatest previously recorded speed.

...and smaller and smaller.

Such speeds require very special
lasers. And, as you can see from the
electron micrograph at upper right
(the head of an ant looking at one of
these lasers), it is extremely small.

It was constructed on a wafer of InB
by epitaxial growth of a layer of
InGaAsP approximately 0.1 micron
thick. This was then etched to a mesa
shape, and further layers of InP
added.

The resulting laser cavity is approx-
imately 0.2 square micron in area,
and provides an excellent mate for
single-mode glass fiber (fiber with a
core of such small diameter that light
travels a single path—mode—drasti-
cally lowering its dispersion within the
fiber).

Switching light with light.

In another project, we are investi-
gating the possibility of ultimately
eliminating the electronics altogether
by using optical switches.

We are working with materials
whose indices of refraction vary with
the intensity of incident light—a non-
linear response.
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Head of an ant
dwarfs a sub-
micron-sized diode
laser in this electron
micrograph. GTE sci-
entists developed this
type laser, and have oper-
ated it at rates as high as
20 gigabits a second.

Ultimately, if it actually does
become possible to switch systems
optically, an improvement in speed of
as much as 1,000,000% is theoreti-
cally possible.

In its brief history, fiber optics has
made astonishing strides. At GTE, we
are working to continue at the fron-
tiers of this science—to make fiber
optics an even more helpful technique
to meet the endless needs of tomor-
row’s telecommunications.

The box lists some of the pertinent
papers GTE people have published
on various aspects of fiber optics. For
any of these, you are invited to write
GTE Marketing Services Center,
Department FO, 70 Empire Drive,
West Seneca, NY 14224. Or call
1-800-833-4000.



Pertinent Papers

High Frequency Modulation on
InGaAsP Lasers: R. Olshansky and
C.B. Su, 5th International Conference
on Integrated Optical Fibre
Communications—I11th European
Conference on Optical
Communications, Venice, Italy,
October 1-4, 1985.

140 Mb/s Transmission over 30 KM of
Single-Mode Fiber Using an LED
Source: L.W. Ulbricht, M J. Teare, R.
Olshansky, and R.B. Lauer, 5th
International Conference on
Integrated Optical Fibre
Communications—I11th European
Conference on Optical
Communications, Venice, Italy,
October 1-4, 1985.

Tunable Multiplexer/ Demultiplexer:
Barbara Foley, John Carlsen, Paul
Melman, 5th International
Conference on Integrated Optical
Fibre Communications—11Ith
European Conference on Optical
Comrmunications, Venice, Italy,
October 1-4, 1985.

Frequency Modulation and Dynamic
Lineshape Properties of Single Mode
Semiconductor Lasers—Time
Averaged Electric Field
Autocorrelation Function
Measurements: Elliot Eichen, Paul
Melman, William H. Nelson, 5th
International Conference on
Integrated Optical Fibre
Communications—I11th European
Conference on Optical
Communications, Venice, Italy,
October 1-4, 1985.

Room Temperature Optical Bistability
in InGaAsP/InP Amplifiers and
Implications for Passive Devices: W.E
Sharfin and M. Dagenais, Applied
Physics Letter 46(9), 1 May 1985.

Time and Wavelength Resolved
Nonlinear Optical Spectroscopy of a
Polydiacetylene in the Solid State
Using Picosecond Dye Laser Pulses:
G.M. Carter, M.K. Thakur, Y,J. Chen
and J.V. Hryniewicz, Applied Physics
Letter 46(9), 1 May 1985.
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Wonders with the retroreflector, a mirror

that removes distortion from a light beam

by Jearl Walker

n ordinary mirror will reflect a
beam of light to its source only
if the mirror is perpendicular to

the beam. A retroreflector, on the oth-
er hand, returns a beam to the source
regardless of the angle at which the
beam strikes the device. With an array
of small retroreflectors one can do a
novel experiment: if the beam is dis-
torted by, say, a ruffled sheet of plastic
before it reaches the array, the array
removes the distortion by reversing the
beam back through the plastic. David
M. Pepper of the Hughes Research
Laboratory has written a manuscript,
on which my discussion is based, de-
scribing this experiment and others
that demonstrate the phenomenon.
The experiments were based primari-
ly on research by Harrison H. Barrett
and Stephen F. Jacobs of the Univer-
sity of Arizona.

Retroreflecting arrays are available
at sporting-goods stores and automo-
bile-accessory shops in the form of

Slide projector——

"-l‘ =" ol Modeling clay,_~

Cardboard mask
with pinhole
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flexible plastic sheets sold as safety re-
flectors. Sewn onto clothing, fastened
to a bicycle, glued to a highway stripe
or attached to a variety of other ob-
jects, the reflectors make the objects
more visible at night. For example,
when the headlights of an automobile
strike an array, the light comes strong-
ly back as a warning to the driver. The
success of the application is actually
due to an imperfection in the arrays.
If the retroreflectors returned the beam
of light precisely instead of spreading
it slightly, the entire beam would re-
turn to the headlights rather than to
the driver.

To do Pepper’s experiments you
should buy a retroreflecting flexible
plastic sheet that is at least three centi-
meters square. If you can find only
narrow strips, cut them up to form the
square. Tape it onto a sturdy box. Set
up a slide nrojector so that it shines on
the array. if possible, remove the pro-
jector’s front lens. Mount on the front

'T 2
4

Reflected light leaves experiment

An arrangement for experiments with retroreflection
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of the projector a thick piece of card-
board through which you have made
a hole two or three millimeters in di-
ameter. The pinhole serves as a point
source of light. If you do not have a
projector, set up a bright flashlight or
even an ordinary incandescent bulb to
shine through the pinhole.

In order to see the shape of the re-
turned beam, you must split off part of
it and direct it to a viewing screen. You
can do this by placing a glass pane in
the beam at an angle of about 45 de-
grees. The glass should be clean and
clear, but it does not have to be of ex-
cellent optical quality. Glass from a
picture frame will do. Hold it in place
with modeling clay or with the frame
from which the cardboard backing has
been removed.

When the beam from the pinhole
reaches the glass, it is split into two
beams. One beam continues on to the
array and the other isreflected out into
the room. The beam reflected from the
array comes back to the glass, which
makes another split. One beam passes
through the glass, returning to the pin-
hole. The other beam is reflected from
the glass to a sheet of paper that serves
as a viewing screen. Since light is re-
flected from both the front and the
back surface of the glass, the screen
displays two slightly displaced images.
You will get less displacement and a
clearer image with a thin piece of glass
serving as the beam splitter.

The beam splitter should be equidis-
tant from the screen and the pinhole so
that light returned by the array trav-
els the same distance to each. When
everything is arranged, you will see
a small, bright circle on the screen. It
is an image of the pinhole produced

ﬂ Viewing screen:
- = r\ paper taped to box

Mirror or refroreflector
array Yaped to box
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by light that would have returned to
the pinhole except for the action of the
beam splitter. The image is about the
same size as the pinhole but has a fuzzy
edge because of the double reflection
by the glass and the imperfection of
the retroreflecting array.

If you look at the screen through the
beam splitter, you will see a bright spot
that seems to be on the screen. You
might well mistake it for the image re-
turned by the array. Instead it is an
image of the pinhole formed by your
eye from the light reflected toward
you by the beam splitter. Such images,
called virtual images, are commonly
produced by mirrors. In the experi-
ment the beam splitter acts as a weak
or semitransparent mirror. If you take
the proper angle of view, you can align
the virtual image with the real image
on the screen. To avoid the complica-
tion of the virtual image do not look
through the beam splitter.

If you change the distance between
the retroreflecting array and the beam
splitter, the image of the pinhole on the
screen does not change. Neither does it
change if you slide the array across the
beam. If you rotate the array with re-
spect to the beam, the image does not
change until the angle is large. In short,
the array sends a beam of light back
toward the light source even when the
plane of the array is not perpendicular
to the beam.

Replace the array with a flat mirror.
The entire screen is bathed with dim
illumination, and you will not see an
image of the pinhole. Try a concave
mirror. It produces a clear image of
the pinhole on the screen only when
its focus is on the pinhole. If you
move the mirror along the beam or ro-
tate it with respect to the beam, the
image broadens, becomes distorted
and finally disappears.

The action of these mirrors and of
the retroreflecting array can be un-
derstood with the help of the illustra-
tion on the next page. Part a depicts
the reflection by a flat mirror. The pin-
hole is represented by a point source
of light. Waves of light flow from
the point source. Each one displays a
wavefront that is part of a sphere. One
such wavefront is shown in cross sec-
tion as part of a circle centered on the
point source. As the wavefront travels
away from the point source, the radius
of the circle increases. When the wave-
front reaches the mirror, sections of it
are reflected to form a new wavefront
traveling in the opposite direction. The
reflected wavefront is part of a circle
centered on an imaginary point source
of light to the right of the mirror. The
imaginary source is as distant from the
mirror as the true source is. The re-
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A view from overhead of the focusing in a retroreflecting array

flected wavefront cannot form an im-
age of the pinhole because it continu-
ously grows larger, never attaining a
focus. When the beam splitter directs
part of the light to the screen, the entire
screen is illuminated by the expand-
ing wavefront.

Part b of the illustration demon-
strates the action of the concave mir-
ror. The mirror reflects and focuses the
incident wavefront, but the light re-
turns to the source only if the pinhole
lies on the focal point of the mirror.
Since the screen is as far from the
beam splitter as the pinhole is, a clear
image of the pinhole is formed on the
screen. For other positions of a con-

Focused imégc\x‘/'
of pinhole

Equal distances -

Pinhole
mask on projector

Beam splifter

cave mirror the light spreads more
broadly over the screen. If the mirror
is not oriented symmetrically on the
beam, the focusing of the light is
skewed. The result is either a distort-
ed image or no image.

Part ¢ of the illustration repre-
sents the action of a highly specialized
mirror system that is related to the
commercial retroreflecting array. It
is called a phase-conjugate mirror
[see “Optical Phase Conjugation,” by
Vladimir V. Shkunov and Boris Ya.
Zel’dovich, Scientific American, De-
cember, 1985, and “Applications of
Optical Phase Conjugation,” by David
M. Pepper, Scientific American, Jan-

Screen
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Concave l
mirror |

Focusing by a concave mirror
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uary]. This ideal retroreflector exact-
ly reverses the light rays incident on
it. Moreover, the reflected wavefront
preserves the shape and orientation
of the incident wavefront. With such
an ideal mirror all the returned light
that passes through the beam splitter
travels through the pinhole. The frac-
tion of the light that travels to the
screen forms an exact image of the
pinhole.

The retroreflecting sheets Pepper
employs are less than ideal. Each ret-
roreflector in a sheet returns a section
of the wavefront, preserving its shape
and orientation as is shown in part d
of the illustration. Because the retrore-
flectors lie in a plane, however, the
sections do not fit together to re-form
the initial wavefront. Instead they are
spread along a curved line that is iden-
tical with the wavefront reflected by
the flat mirror. For this reason the
sheets are said to be pseudoconjuga-
tors. Each section of the wavefront re-
turns to the pinhole or to the image
of the pinhole on the screen, but to-
gether they lack the coordination that
would be seen with a true phase-con-
jugate mirror. Nevertheless, a fuzzy
image of the pinhole forms on the

a
Reflected
wavefront _
Point
source
of light
Pt
N
‘\\\\\ |
Incident + ,--//’///
wavefront z Flof«/u
mirror
c
I

Phase-conjugate mirr‘orj\/‘

screen as piece after piece of the wave-
front arrives.

The retroreflectors in plastic sheets
come in two types. One type consists of
prisms embedded in the plastic. An ar-
riving light ray is reflected from one of
the internal faces of the prism and then
from a second and possibly a third in-
ternal face. It travels out of the plastic
parallel to the incident ray. The retro-
reflector is not perfect because the re-
turned ray is displaced from the inci-
dent ray and because the section of the
wavefront is inverted by the prism.
(The retroreflector is so small that the
section of wavefront can be regarded
as straight.) The Reflexite Corporation
manufactures this type of retroreflect-
ing array. The prisms are clustered in
hexagonal cells, each cell .15 millime-
ter across. Areas of the array that are
between the cells do not take part in
retroreflection.

Scotchlite, made by the 3M Corpo-
ration, consists of glass beads embed-
ded in a flexible backing. An arriving
ray of light is refracted to the back of
the bead, from which it is reflected
back to the front. When it leaves the
bead, it is parallel to the incident ray.
This retroreflector is imperfect in that
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it displaces the final ray and inverts the
final wavefront.

One novel application of retroreflec-
tors involves removing the distortion
of a beam of light that passes through a
nonuniform material. Place a concave
mirror in the path of the light from
the pinhole, positioning the mirror to
get the best image of the pinhole on
the screen. Insert a distorting element
in front of the mirror. The element
could be one of those ruffled plastic
sheets that normally cover fluorescent
bulbs, a glass slide covered with air-
plane glue, the plastic “bubble” mate-
rial used in packing or almost any oth-
er nonuniform, transparent material.
The distorting element destroys the
image of the pinhole, scattering the
light into a complex pattern that fills
the screen. If you shift the distorting
element across the opening of the mir-
ror, the pattern on the screen changes
chaotically.

Now replace the mirror with a retro-
reflecting array. The exact position
and orientation of the array are not
important, but the distorting element
should be directly in front of it and
both the array and the distorting ele-
ment should be illuminated. Although
the distorting element jumbles the
light and seemingly ruins any infor-
mation about the pinhole’s shape, an
image of the pinhole appears on the
screen. It is not perfect, being dim and
fuzzy, but nonetheless it is there.

The image appears because the ar-
ray almost exactly reverses the light
rays emerging from the distorting
element. The rays then travel back
through almost the same distorting
features they encountered on their first
passage. The second passage reverses
the distortion of each ray, the beam is
reconstituted and the image of the pin-
hole is formed on the screen. Pepper
suggests you can consider that the rays
have been time-reversed by the array.
If you move the distorting element
across the array, the pinhole image
changes little or not at all. The reason
is that the time the light takes to travel
from an irregular feature in the ele-
ment to the array and back is so short
that the feature is essentially station-
ary during the trip.

Note that the distortion is removed
because the light passes through the
distorting element twice. (If you place
the element in front of the pinhole or
the screen, the light passes through it
only once.) The light rays must make
their second pass through the element
along approximately the same paths
they followed on the first pass. Re-
member the retroreflectors return light
rays that are slightly displaced from
the incident rays. If the element and
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the array are separated too much, the
returned rays encounter different dis-
torting features on their second pas-
sage through the element and the dis-
tortion is not removed. A large separa-
tion may also mean that less light is
intercepted and returned by the array.
A dimmer image then results.

You can do similar demonstrations
if you replace the projector and pin-
hole with a laser. The image is marred,
however, by extra interference in the
light. The interference gives rise to a
complex pattern of bright and dark
lines. Some of the interference is due to
the diffraction of light by dust motes
on the beam splitter or to nonuniform-
ities in the glass. Some of the light
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reaching the screen has been distorted
only once, and so it retains the distor-
tion. The periodicity of the beads or
hexagonal clusters on the retroreflec-
tor sheet also introduces interference
in the light reaching the screen.
When you do this demonstration,
you may be confused by an extra spot
of light on the screen. Because of the
imperfect construction of the retrore-
flecting array, part of the light return-
ing from it is reflected in the same way
as light is reflected from a flat mirror.
If the plane of the array is perpendicu-
lar to the beam of light, this mirrorlike
reflection reaches the screen and can
be confused with the pinhole image
formed by retroreflection. The extra
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spot of light is easy to identify because
it shifts over the screen if you tilt the
array with respect to the beam. You
canremove the spot by erecting a card-
board folder between the array and the
screen so that the laser beam just clears
the edge of the folder. Then rotate the
array until the mirrorlike reflection ap-
pears on the folder and is thus blocked
from the screen.

Many experiments can be done with
the laser, the retroreflecting array and
common mirrors and lenses. I particu-
larly enjoyed blowing smoke or throw-
ing fine powder into the path of the
laser beam in order to follow its travel.
In one arrangement the beam passed
through the beam splitter, was reflect-
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ed from a tilted flat mirror and then
was returned from a retroreflecting ar-
ray. The trip demonstrates two distinct
types of reflection: the familiar reflec-
tion from the mirror and the effect of
retroreflection, which folds the beam
back on itself.

I also enjoyed inserting diffraction
gratings and other distorting elements
in front of the array. In each case retro-
reflection removes the distortion im-
posed on the light in its first passage
through the element. Some of the laser
light, however, is reflected from the
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front surface of the distorting element
and therefore never makes a second
passage through it. This distortion is
not removed. To block the mirrorlike
reflection rotate the distorting element
along with the array so that the reflec-
tion appears on the cardboard fold-
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David M. Pepper’s experiment with distortion in turbulence
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er. What then remains on the screen is
the light that was retroreflected from
the array and made a second passage
through the distorting element.

More than one pinhole can be im-
aged using the retroreflecting array.
Mount on the front of the projector a
mask bearing a series of pinholes ar-
ranged to form one or two small let-
ters. All the experiments can be repeat-
ed with this design. For example, when
the distorting element and the retro-
reflecting array are in position, a fuz-
zy image of the letters appears on the
screen. Each pinhole creates its own
image; the composite forms the letters
on the screen.

To improve the image install a con-
vex lens between the beam splitter and
the retroreflecting array at a distance
of two focal lengths from the pinholes.
Place the array two focal lengths on
the other side of the lens. Pepper says
that the focal length of the lens is not
critical but that the experiment works
well when the length is between 10 and
30 centimeters. A simple magnifying
glass will do.

To tune the alignment move the lens
and the array until a sharp, inverted
image appears on a sheet of paper held
just in front of the array. Remove the
paper and move the viewing screen un-
til the image is as sharp as you can
make it. A distorting object placed di-
rectly in front of the array makes the
image dimmer and fuzzier, but it is still
visible. A lens is needed in this demon-
stration to compensate for the slight
spreading of the beam produced by the
retroreflectors. With this arrangement
you might try replacing the cardboard
mask on the front of the projector. Re-
move the front lens and put an ordi-
nary slide inside the projector.

Pepper has also investigated how a
retroreflecting array can undo the dis-
tortion introduced by vibration. He
glued a flat, lightweight mirror to a
wood tongue depresser, which he at-
tached to a speaker cone with double-
sided adhesive tape. Then he illumi-
nated the mirror with the light passing
through the beam splitter. (The source
of the light can be either a laser or a
projector with a pinhole mask.) The
light was reflected from the mirror
onto a retroreflecting array. Next Pep-
per drove the speaker with the ampli-
fied signal from an audio oscillator. As
the mirror vibrated, the angle at which
the beam was reflected to the array
changed continuously. Nevertheless,
the screen still displayed a stationary
image of the laser’s exit aperture (or of
the pinhole). Even when the mirror vi-
brated rapidly, it moved considerably
slower than the speed of light. Hence
it was effectively stationary while the

light moved from the mirror to the ar-
ray and back. When Pepper replaced
the array with a flat mirror, the screen
showed a smeared, kinetic pattern.

Pepper did a final demonstration
that involved removing the distortion
imposed by a turbulence. He set up the
basic arrangement of equipment with
a mask of pinholes on the projector
and a retroreflecting array at one end
of the optical path. He also placed a
convex lens between the beam splitter
and the mirror and installed an un-
lighted gas burner just below the opti-
cal path between the lens and the mir-
ror. (It could have been between the
lens and the beam splitter.) The pin-
hole, the viewing screen and the array
were each two focal lengths from the
lens. Pepper tuned the alignment of the
system and lighted the burner.

One would expect the image to
dance and flicker as the beam passed
through the turbulent convection ris-
ing from the flame. It would do so with
a flat mirror, but in this case it re-
mained frozen in place. Although the
distortion of the beam varied constant-
ly in the turbulence, the array returned
a clear image because the light gets
through the disrupting features twice
before they have time to change.

Pepper then placed a beaker of wa-
ter on the burner and in the path of the
light. As the water heated, the con-
vection in it distorted the light beam,
and again the retroreflecting array re-
moved the distortion. When the water
began to boil, the bubbles prevented
some of the light from reaching the
array. As a result the image on the
screen became somewhat dimmer.

Here is a puzzle for you to solve. If
the arrays are mirrors, why do you not
see aretroreflection of your face when
you look at an array in normal room
illumination? (You will see your face if
the room is brightly lighted and the
array is oriented just right, but that re-
flection is due to imperfect construc-
tion of the array.)

You will probably find plenty of oth-
er demonstrations to do with the retro-
reflecting arrays. Pepper and I should
like to hear about your experiments.

Est December I described a kaleido-
scope with polarizing filters and a
curved reflecting sheet inside the tube.
This Karascope, which was commis-
sioned by New York’s Museum of
Modern Art, was invented and patent-
ed by Judith Karelitz of New York
City. It is for sale from the museum
for $20.75 postpaid; the address of
the museum is 11 West 53 Street, New
York, N.Y. 10019. Please be sure to
mark correspondence to the attention
of the Mail Order Department.
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As Grant Anderson is always quick
to point out, when you can throw the hammer
12 feet in Scotland’s Highland Games,“You
don't need a winning smile to impress the judge.”
The good things 1n life stay that way.
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