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The Mercedes-Benz 300 D Turbodiesel:
America’s best-performing diesel is also one

of the world’s most civilized sedans.

A diesel that loves hills and sprints away from stoplights...a sedan that laps up
sports car roads. The 300 D Turbodiesel is both. Meanwhile, it coddles you and your
passengers in that secure comfort unique to the automobiles of Mercedes-Benz.

ercedes-Benz engineers

have extracted more sheer [ ——
l'q

power from the 300 D Turbo-
diesel Sedan’s five-cylinder
engine than any other engi-
neers have yet extracted from
any other passenger car diesel,
huge domestic V-8's included.

Their secret was to couple an
advanced engine design with a
power-boosting turbocharger.
Even other turbocharged diesels
are left flatfooted; this spacious,
solid, 3585-Ib. five-passenger
Mercedes-Benz sedan ranks as the
best performer of any diesel auto-
mobile sold in America.

The 300 D Turbodiesel is mean-
while perhaps the most conscientious
performance automobile in Amer-
ica, because it is so inherently effi-
cient that EPA figures show|27 mpg
city estimated and 33 highway* An
almost uncanny balance of power
and frugality is thus struck.

So exotic is engine technology
that the interior of each moving
piston is constantly cooled by pre-
cisely timed jets of oil. But deep
down this is still a diesel: a rugged,
reliability-minded diesel that will
never require a conventional
tune-up.

Do not disturb

Over-the-road performance
is superb. This means not only
that the 300 D can swallow up roller-
coaster back-country roads, and nip
rather than lurch around corners-
but that its occupants usually
feel so undisturbed in the process.

Generations of Mercedes-Benz
engineers have toiled since 1931 to
develop, refine, and refine again the
principle of four-wheel indepen-
dent suspension that is primarily
responsible.

These engineers have endowed
the car with an exquisitely respon-
sive steering mechanism, guided by
24 recirculating ball bearings. It feels

liquid-smooth and seemingly fric-
tionless. The shift lever is mounted
down on the transmission tun-
nel-but look again. The quadrant
reads P-R-N-D-5-L. It is no mere
automatic but a four-speed auto-
matic, and is desigried to serve
equally well when shifted by hand.
America’s most advanced automo-
tive braking system is four-wheel
disc braking. An 1l-inch disc brake is
fitted to every wheel of every 300 D
Turbodiesel Sedan.

Mercedes-Benz engineers care lit-
tle if the outside world knows that
total swept brake area is a massive
456.5 square inches, or that the
300 D’s front suspension geometry
is devised to help minimize front-
end “nose diving” in hard stops.
Their main concern is that the driver
is better served by these and myriad
other technical flourishes.

Designed, not decorated

Even when fully padded and
finished, the interior of the 300 D’s
welded steel body shell measures
almost five feet in width—sufficient
to easily accommodate three adults
in the rear seating area, for example.
Electronic cruise control, AM/FM
stereo radio/cassette player, auto-
matic climate control system and
electric window lifts—whatever
conventional luxury sedans furnish
by way of real conveniences, so
does this sedan.

Garishness, however, is absent.
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The instrument panel is

no entertainment center twin-
kling with gadgetry but an

: exercise in ergonomics, meant
4| toeasethe driver’staskby

I simplifying it.

The engineers continuously
strive to make driver controls
fewer and less awkward to
use, and so reduce driving
complexity. Item: the single
steering-column lever that lets
you perform nine different driv-
ing functions—without taking your
hands off the wheel.

Seats are not designed to look lux-
urious but to so support your body
that you feel relaxed, even after an
all-day drive.

Interior wood trim is genuine
wood from the Mercedes-Benz
shops, handworked and fitted and
finished. A small thing, but it epito-
mizes this car’s unremitting honesty
of character—as its 120 built-in safety
features epitomize its seriousness of
character.

The luxury of retained value

The 300 D Turbodiesel boasts a
final and powerful distinction. As a
Mercedes-Benz, it shares a name so
coveted by American buyers today
that after the first three years, the
entire Mercedes-Benz line-not just a
few isolated models—has been
shown to retain an average of 84
percent of original value.

If retained value is a form of lux-
ury, then perhaps the 300 D Tur-
bodiesel is, after all, a luxury car.

*EPA estimate for comparison purposes.

The mileage you get may vary with trip
length, speed and weather. Actual high-
way mileage will probably be less.

©1982 Mercedes-Benz N.A., Inc., Montvale, N.J.

Engineered like no other
car in the world
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Now that you’re ready for a Change of pace
it’s time to try John Jameson.

Take a sip of John Jameson. Note the light, delicate taste.
Luxurious and smooth as you would expect a premium whiskey to be.
But with a distinctive character all its own. Set a new pace
for yourself. Step ahead of the crowd with John Jameson, the
world’s largest selling Irish Whiskey:
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executive health

the report that briefs you on what to watch

©WORLD COPYRIGHT RESERVED 1982 BY EXECUTIVE HEALTH PUBLICATIONS

Volume XVIIl, Number 11 .

P.O. Box 589, Rancho Santa Fe, Calif. 92067 o

Area 714:756-2600

Lot B. Page, M.D.:

ON MAKING SENSE OF SALT AND
YOUR BLOOD PRESSURE

An authoritative veport on bow much salt intake may matter to
you tf excessive . . . and bow much good moderation can do . .
by a preeminent expert who, literally, bas gone almost
to the ends of the earth to find out.

PUBLISHER'’S NOTE: Chief of Medicine at the Newton-Wellesley Hospital and
Professor of Medicine at Tufts University School of Medicine, Boston, Dr. Lot
B. Page has been called “‘the preeminent scholar in this field (hypertension) in

the United States; in fact, in the world.”

His studies of high blood pressure and

what influences it have taken him on medical expeditions to many places abroad,

including the Solomon Islands, to investigate pre-industrial populations.
also studied nomads in the deserts of Iran.

He has

We' have asked him to assess hyper-

tension and its importance, the factors that influence it, the role of salt in elevating
blood pressure, and how much you may gain by examining the salty side of your

life.

Unless you've been off somewhere remote for much
of the last decade or so you couldn’t have escaped be-
coming aware of a whole series of facts about hyper-

tension or high blood pressure—and about salt as well.
About hypertension, it comes to this: The disease,
silent though it is, is a killer—an almost incredibly

Sir Ferguson Anderson, O.B.E., M.D.,
F.R.C.P. (Scotland), Emeritus Professor
of Geriatric Medicine, University of
Glasgow, Emeritus Consultant Physician
in Geriatric Medicine, Southern General
Hospital, Glasgow, Member of World
Health Organization Expert Advisory
Panel on Organization of Medical Care.

Solon Palmer, Jr., M.D., Scripps Clinic and
Research Foundation, La Jolla, California.

John L. Ochsner, M.D., Chairman, De-
partment of Surgery, Ochsner Clinic and
Clinical Professor of Surgery, Tulane
University School of Medicine, New Or-
leans, Louisiana.

Leonard Hayflick, Ph.D., Professor and
Director, Center for Gerontological Stud-
ies, College of Liberal Arts and Sciences,
Professor of Zoology and of Immunology
and Medical Microbiology, College of
Mﬁ.dicine, University of Florida, Gaines-
ville.

EDITORIAL ADVISORY BOARD

Albert Szent-Gyorgyi, M.D., Ph.D., Nobel
Laureate for Physiology and Medicine,
Scientific Director, The National Founda-
tion for Cancer Research, Woods Hole,
Massachusetts.

John Stirling Meyer, M.D., Professor,
Department of Neurology, Baylor Col-
lege of Medicine; Chief, Cerebrovascular
Research, VA Medical Center and Prin-
cipal Investigator, VA Center for Cere-
brovascular Research.

Albert A. Kattus, M.D., F.A.C.P., Clinical
Professor of Medicine, University of Cali-
fornia, School of Medicine, Los Angeles,
California; Director, Cardiac Rehabilita-
tion, Centinela Hospital Medical Center,
Inglewood, California.

Roger J. Williams, Ph.D., D.Sc., Professor
of Chemistry, Co-founder and Consultant,
Clayton Foundation Biochemical Institute,
The University of Texas; Past President,
The American Chemical Society, Austin,
Texas.

Linus Pauling, Ph.D., Nobel Laureate in
Chemistry and in Peace; Emeritus Profes-
sor of Chemistry, Stanford University,
Stanford, California. Research Professor,
Linus Pauling Institute of Science and
Medicine, Palo Alto, California.

Richard L. Bohannon, M.D., F.A.C.P.,
Lieutenant-General, United States Air
Force (Ret.); Medical Consultant, The
Institute for Aerobics Research, Dallas.

Hans Selye, C.C., M.D., Ph.D., D.Sc.,
F.R.S. (C), Emeritus Professor and Di-
rector of the Institute of Experimental
Medicine and Surgery; President, Inter-
national Institute of Stress, University
of Montreal, Quebec, Canada:

John K. Lattimer, M.D., Sc.D., F.A.C.S.,
Professor and Chairman, Department of
Urology, College of Physicians and Sur-
geons, Columbia University; Director,
Squier Urological Clinic and Director,
Urological Service, Presbyterian Hospital,
New York.
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Keep Your Middle-Age Young

Discover what research scientists now know
about how to take the best care you can

of the only body you will ever have!

Have you ever asked yourself,
“What keeps well people well?” Medi-
cal men have long concentrated upon
sick people and how to get them well

. not upon well people and how to
keep them well. Now many top re-
search scientists are concentrating
their efforts on preventive medicine
.. . how to keep well people well.

May we suggest that you get the
benefits of this new research for your-
self? Do as so many thousands of ex-
ecutives do. Subscribe to Executive
Health Report. The members of our
Editorial Advisory Board are among
the world’s most distinguished author-
ities on preventive medicine. Their
wise advice can help you not only live
longer but enjoy those extra years!
(Note their high qualifications.)

Because you are not going to get
out of this world alive, doesn’t it make
sense to learn how to live in it as long
as you can? Never forget: “Men’s
lives are chains of chances” but as
Euripides saw clearly so long ago:
“Chance fights ever on the side of
the prudent.”

Each month you are briefed on
some one new research finding that
can help you take better care of your-
self and so stay healthy long years
after other people your age are dead

. or might as well be.

Executive Health Report is not sold
on newsstands but only by private sub-
scription at $30 (U.S. Funds) a year
in the U.S.A. and its possessions, Can-
ada and Mexico. Individual reports
(back issues) $3.00 per copy. All
other countries $36 (air mail only).
(Only International Money Order or
check on U.S. bank acceptable.)

Subscribe now under this unusual
introductory offer:

(1) Your choice of any three of the
reports listed below ($3.00 each)
FREE!

(2) If you are not satisfied with
your first issue, your money will be
promptly refunded.

Please study the reports listed here
and circle your three choices:

Lot B. Page, M.D.: On Making Sense
of SALT AND YOUR BLOOD PRES-
SURE. An authoritative report on
how much salt intake may matter to
you if excessive . . . and how much
good moderation can do . . . by a
preeminent expert who, literally, has
gone almost to the ends of the earth
to find out.

The TRUTH about the RIGHT DIET
and EXERCISE to lose weight safely
and stay slender for life.

Roger J. Williams, Ph.D., D.Sc.: ON
YOUR STARTLING BIOCHEMICAL
INDIVIDUALITY. Some amazing
facts about your body you need to
know if you want to understand your-
self (and other people) better.

Leonard Hayflick, Ph.D.: A New
Theory ON THE CAUSE OF HEART
DISEASE AND STROKES . . . Vita-
min B; may be the key. What new
research has revealed that may down-
grade cholesterol as the main predis-
posing factor . . . and why.

David F. Horrobin, M.A.. D.Phil., B.M.,
B.Ch.: ALCOHOL — BLESSING AND
CURSE OF MANKIND! New research
leads to simple nutritional techniques
for controlling the bad effects and ex-
ploiting the good ones.

Herbert A. deVries, Ph.D.: ON EXER-
CISE FOR RELIEVING ANXIETY
AND TENSION. New insights into
how physical activity — surprisingly
modest activity — can be at least as
effective as tranquilizers a?d far safer.

Hans Selye, M.D.: ON EXECUTIVE
STRESS. How to manage and cope
with it for a longer, healthier, more
fulfilling life.

New research findings ON WALKING

. nature’s own amazing ‘‘anti-age
anti-biotic!””> Not running, not jog-
ging, but walking is your most efficient
form of exercise and the only one
you can safely follow all the years
of your life!

If you sit at a desk all day . . . How
to avoid a POT-BELLY and DOUBLE-
CHIN (or get rid of them for good!)

Allan L. Goldstein, Ph.D.: ON THY-
MOSINS . . . The remarkable hor-
mones of the thymus gland that con-
trol our immunity and our health.
An authoritative look at their promise
for cancer and many other diseases.

Linus Pauling, Ph.D.: ON GOOD NU-
TRITION FOR THE GOOD LIFE . . .
in which the two-time Nobel Laureate
informs you of his personal approach

. his own intake of many vita-
mins . . . and why — for your own
possible guidance — that intake dif-
fers so markedly from conventional
recommendations.

Albert A. Kattus, M.D.: On the SIG-
NIFICANCE OF ANGINA PECTORIS

. What the chest pain may and
may not mean . . . and the measures
most helpful for it.

John K. Lattimer, M.D., Sc.D.: ON
THAT TREACHEROUS GLAND, your

prostate — especially as you approach

50.

Neil S. Painter, M.S., F.R.C.S., (Eng-
land), F.A.C.S., D.O.B.S.T., R.C.0.G.:
ON DIVERTICULAR DISEASE . . .
and how what you eat can save you
from this commonest of large bowel
problems . . . and from several others
of major significance.

Leonard Hayflick, Ph.D.: ON GET-
TING A GOOD NIGHT'S SLEEP!
What research scientists now know
about this mysterious process we so
calmly call “sleep.”

Albert Szent-Gyorgyi, M.D., Ph.D.: ON
A SUBSTANCE THAT CAN MAKE US
SICK (If We Do Not Eat It!) One
of the world’s most honored scien-
tists, winner of the 1937 Nobel Prize
for Physiology and Medicine explains
the fascinating paradox of vitamins.
Denis P. Burkitt, M.D., D.Sec., F.R.C.S.,
F.R.S.: IS DIETARY FIBRE PROTEC-
TIVE AGAINST DISEASE? The drop
in our consumption of potatoes and
whole grains may have something to
do with the increase in intestinal can-
cer, diabetes and heart disease — to
name a few!

Please use the coupon below under
our special money-back guarantee

EXECUTIVE HEALTH, Pickfair Bldg., Box 589, Rancho Santa Fe, CA 92067

Gentlemen: Enclosed is my check for §.
to Executive Health to start with this month’s issue.

_ for a year’s subscription
I have circled the

three $3.00 reports I am to receive free. It is understood that if I am not
satisfied with my first issue, my money will be refunded. In addition, send
me a list of some 100 other reports of yours still in print. There may be
some from which I might greatly benefit and would otherwise miss.

Firm/Name (Please print clearly)

Street & No./Route

Suite or Apt.

City, State, Country

Zip SA-1

© 1982 SCIENTIFIC AMERICAN, INC



Why buyaTV
that only

THE COVER

The photograph on the cover shows one of the hand-tinted plates in a famous
16th-century work by the German cosmologist Petrus Apianus, published in
Ingolstadt in 1540. Titled Astronomicum Caesareum (“‘Imperial Astronomy”), it
was dedicated to the Holy Roman Emperor Charles V and his brother and
chosen successor, Ferdinand I. The work was illustrated by the engraver Mi-
chael Ostendorfer. The plate shows three stages of the moon’s progress during
the course of a total lunar eclipse: as it approaches, passes into and leaves the
shadow of the earth (see ‘“Historical Eclipses,” by F. Richard Stephenson, page
170). The engraver has exercised artistic license to suggest that the Man in the
Moon has been somewhat distressed by the dark experience. The copy of As-
tronomicum Caesareum that furnished this illustration is in the Metropolitan
Museum of Art. It was presented to the museum in 1925 by Herbert N. Straus.

THE ILLUSTRATIONS
Cover photograph courtesy of the Metropolitan
Museum of Art
Page Source Page Source
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LETTERS

While reading Owen Gingerich’s ex-
cellent article “The Galileo Affair”
[SCIENTIFIC AMERICAN, August], I, as he,
experienced a sense of déja vu when I
read Cardinal Caetani’s instructions for
the censorship of Copernicus’ De revolu-
tionibus orbium coelestium: “If certain of
Copernicus’ passages on the motion of
the earth are not hypothetical, make
them hypothetical; then they will not be
against either the truth or the Holy
Writ.” Professor Gingerich correctly
pointed out that the creationists are try-
ing to have biology textbooks present
evolution in the same way, since the oc-
currence of evolution would be accept-
able if presented as only a hypothesis.
Unfortunately Professor Gingerich is
incorrect in thinking that the creation-
ists would have the same lack of suc-
cess as the Holy Congregation of the
Index, since he is apparently aware of
only the creationists’ failure in Califor-
nia. The creationists have been success-
ful elsewhere.

Texas has its own Holy Congregation
of the Index, the State Board of Educa-
tion. Since 1974 the State Board’s text-
book-policy proclamation has required
that science textbooks seeking adoption
by the state “that treat the theory of evo-
lution should identify it as only one of
several explanations of the origins of
humankind,” that textbooks “shall be
edited, if necessary, to clarify that the
treatment is theoretical rather than fac-
tually verifiable,” that ‘“each textbook
must carry a statement on an introduc-
tory page that any material on evolution
included in the book is clearly presented
as theory rather than fact” (Texas’ ver-
sion of the Nihil Obstat) and that “the
presentation of the theory of evolution
should be done in a manner which is not
detrimental to other theories of origin.”
Since the factual occurrence of evolu-
tion is not in question among scientists,
the prevarications contained in this text-
book-adoption proclamation are a mis-
representation of science. The word
“theory” in the context of the proclama-
tion is not the scientific definition of the-
ory but the popular idea of theory as a
speculation or guess....

Since Texas, as an adoption state, is
the nation’s largest single purchaser of
textbooks, and since other states adopt
the same textbooks that Texas chooses,
publishers have written their precollege
science textbooks to comply with the
Texas requirements. Over the past eight
years the result has been not only the
inclusion of equivocations and misrep-
resentations about evolution but also
the reduction of coverage of evolution
to a couple of pages or nothing, the
omission of any connection between ev-

olution and other biological phenomena
and even the inclusion of pro-creationist
statements....

STEVEN SCHAFERSMAN

Rice University
Houston, Tex.

Sirs:

In “Metamagical Themas” for Au-
gust, Douglas R. Hofstadter (whose
work is a delight) apparently confers on
the gene theory of Richard Dawkins
some form of acceptance, viz., “Daw-
kins uses the concept to show how group
selection can seem to be taking place ina
population when in fact mere gene selec-
tion can account for what is observed.”

I would guess that Darwinians will
forgive Hofstadter for utilizing Daw-
kins’ insights into game theory but will
frown on his acceptance, if it is that, that
gene selection, not individual (body) se-
lection is involved. Stephen Jay Gould,
writing in his book The Panda’s Thumb,
notes: “No matter how much power
Dawkins wishes to assign to genes, there
is one thing that he cannot give them—
direct visibility to natural selection. Se-
lection simply cannot see genes and pick
among them directly.... Bodies cannot
be atomized into parts, each construct-
ed by an individual gene.... Selection
doesn’t work directly on parts. It ac-
cepts or rejects entire organisms be-
cause suites of parts interacting in com-
plex ways confer advantages.”

ED BURNETT

New York, N.Y.

Sirs:

Arlette Leroi-Gourhan’s article “The
Archaeology of Lascaux Cave” [SCIEN-
TIFIC AMERICAN, June] provides a fasci-
nating overview of the range and finesse
of the inferences to which the use of
modern analytical methods in archaeo-
logical investigation can give rise. One
tentative inference she might possibly
have drawn is that the Paleolithic in-
habitants who decorated the cave were
predominantly right-handed. Not only
do the majority of the animals depicted
face right (an orientation generally pre-
ferred by right-handed draftsmen) but
also the “fossilized” rope depicted in
the article was obviously the work of a
right-handed individual. Since the natu-
ral twisting motion involves the over-
hand rotation of the thumb away from
the body, the twist in this case must
have been imparted by the right hand.

THOMAS A. REISNER

Université Laval
Quebec
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This Peugeot S05S is travelling at 80 miles an hour
in the silence of the Sahara Desert.

A computer is “listening”to noises that you

should not be permitted to hear.

- Fe
‘-_ 3 -

From Europe’s second-largest carmaker comes the Peugeot 505 S, seen here undergoing silence tests in the soundproof chamber.

Asilver car sits in a strange
golden room. The engine of
the car is humming, the rear
wheels are spinning on rollers at
80 miles an hour, and something
feels very, very wrong.

The room should be awash
with sound. Instead, it is uncan-
nily quiet. The walls and ceiling
are receiving the sound waves...
and swallowing them.

3]

In pursuit of a quiet car

This is the anechoic chamber at
Peugeot, a sonic-test room that
replicates the almost deathly hush
of the empty desert.

The room is tremor proof. Its
door is five and a half feet thick.

Golden dihedrons of glass-fiber
panels smother up to 99 percent
of the sound waves so that they
cannot ricochet back and disturb
the probing microphones at work.
Connected to these micro-
phones is a computer. It is “listen-
ing” for noises that should not
exist. If there is a panel vibration,

The Peugeot Lion

The lion has repre-

sented Peugeot since

1858. It was Peugeot

that built the first car

ever sold commer-

cially (1891)...the
world’s first diesel-powered car
(1922)...and the first high-rpm
diesel engine (1967).
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or a buzzing from the dashboard or
transmission, the computer will
pinpoint the noise.

Peugeot has little tolerance for
cars with mysterious rattles and
squeaks.

Listen with your eyes

A word of caution: Do not be
fooled by the quietness of a car.
Quietness, by itself, is no guaran-
tee of first-rate construction.

Trust your eyes—and an alert
brain—before you trust your ears.
Open the door of a Peugeot 505S
and peer at the hinges. They are
machined from hot-rolled steel.
Peugeot believes that its owners
will not abide doors that sag later
in life.




Notice how smoothly the seats
move back and forth. The reason:
they glide on tiny rollers instead
of simple metal slides.

The body is welded in 4,032
places, then treated with 21 anti-
corrosion measures. One of these
measures involves dipping the
body in an electrically charged
bath that attracts the primer to
the metal like a magnet. Hydrogen
is used so there are no tiny bubbles
of oxygen that can breed rust.

The meaning of “S”
Peugeot does not believe in nib-
bling you to death with extra-cost
options. When you spend $13,990*
for a gasoline-engined 5058, this
is the “S” (for Special) equipment
that comes with the car:

* Air conditioning, factory-installed

* Electric sunroof

* Cruise control

* Electric windows

* Digital AM/FM 40-watt stereo
radio with cassette player, scan
tuning, and four speakers

* Automatic electric antenna

* Central locking system—a twist
of the key locks all four doors
and fuel-filler door

* Alloy wheels

* Multi-adjustable driver’s seat.

So fully equipped is the car that

the only other ways to spend your

money are by ordering a 3-speed

automatic ($370) in place of the

5-speed overdrive manual gearbox,

and by specifying me-
. tallic paint ($295).

The almost sinfully comfort-
able driver’s seat of the Peugeot
505S, molded to the shape of the human
anatomy under the direction of physiologists.
Seat back has 16 angles of tilt, while seat cush-
ion adjusts to 121 different positions.

proper working order when they

New York is noted for its punishingly rough
streets. Cabdrivers are switching in droves to
Peugeot 505 diesels, despite their higher cost.

An aversion to silly doodads

The Peugeot 505S is how much
car you should expect for $14,000
today. It positively bristles with
useful equipment rather than gee-
whiz gimmickry.

The engine is fitted with
silver-tipped spark plugs. And
magnetic-pulse ignition. And pre-
cisely metered fuel injection. It is
designed to shrug off tune-ups for
30,000 miles.

The brakes are disc brakes—on
all four wheels—because discs shed
water and dissipate heat faster
than drum brakes.

The shock absorbers contain
pistons with four times as many
valves as normal shock absorbers.
These awesome damping de-
vices have the almost eerie ability
to reduce bumps in the road to
little more than ripples.

A rare and expensive test
Most cars are presumed to be in

roll off the assembly line. This is
not Peugeot’s way; it takes nothing
for granted.

Every single Peugeot is put
through a road test on a special
track before it is permitted to
leave Europe for the U.S. One of
Peugeot’s 65-member team of test
drivers will personally drive the car.

The driver will test the steering,
brakes, lights, engine performance,
transmission, and suspension.
Listen for rattles and vibrations.
Check the instruments and
controls. Try the heating and
air-conditioning systems.

A rarity today, this final road
testing costs a small fortune.
Peugeot considers it indispensable
in maintaining a high level of
quality.

Peugeot has little tolerance for
poorly made cars.

See your dealer for details of
Peugeot’s limited warranties.

*Based on PO.E. manufacturer’s suggested
retail prices. Actual prices may vary according
to local dealer. Destination charges ($255),
state and local taxes, dealer preparation, if any,
and license fees are extra.

For name of nearest Peugeot dealer, call
1-800-447-2882 toll free in the conti-
nental U.S. In Illinois, 1-800-322-4400.

Please send me the Peugeot Facts Kit,
complete with brochures, road tests by
leading car magazines, plus list of my
nearest dealers.

Please include details

on Overseas Delivery.

Name

Addre

City

State Zip

Peugeot Motors of America, Inc.,
One Peugeot Plaza, Lyndhurst,
New Jersey 07071

69-000SA-0010

Lo e e e =

PEUGEOT

©1982, Peugeot Motors of America, Inc.
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50 AND 100
YEARS AGO

SCIENTIFIC
AMERICAN

OCTOBER, 1932: “When an inde-
pendent individual makes a scientific
discovery, he is free to make a fortune, if
he can, from its proceeds, but when a
scientist attached to a university makes
one, there is a tradition that he must
exert no effort to profit personally by it
but must publish it for the benefit of
humanity. Too often this means that hu-
manity receives the benefit only after an
astute person who has never contributed
the shred of an idea toward the original
discovery reaps a munificent profit from
something he did not create. Professor
Winterton C. Curtis of the University of
Missouri recommends that this tradi-
tion be broken in the following manner:
university scientists will go through the
formality of taking out patents on their
discoveries wherever practicable and
will assign these to permanent holding
companies organized by the universi-
ties. The scientist would not receive per-
sonal gain but he would have the satis-
faction of seeing a fair share of the ulti-
mate profit returned to his institution.”

“The subject of lift-increase devices
for aircraft has been popular with inven-
tors and designers for many years. Now
the National Advisory Committee for
Aeronautics has become interested in
the subject, and its studies have been
more thorough and systematic than
heretofore. What is a lift-increase de-
vice? It is a method not of increasing the
lift throughout the flight range but of so
changing the characteristics of a wing
that it has its normal characteristics in
normal flight, experiencing an increase
in lift when the aircraft is landing or
gliding down toward a landing. Thus it
is possible to have a low-lift and high-
speed wing, and when we want to land,
make it a high-lift, slow-landing wing.
The maximum lift of an ordinary wing
can be increased from 50 to 150 per cent
by the aid of such devices. The landing
speed can be decreased corresponding-
ly. Perhaps the history of such devices
will be that of the four-wheel brake on
the automobile. At one time no manu-
facturer would consider the four-wheel
brake seriously. Then one employed it
and made a special feature of it. Then
every car adopted it.”

“It has been realized since the work of
Lockyer and Young, more than 50 years
ago, that different sunspots show spectra

10

that, though notably different from the
spectrum of the sun’s normal surface,
are practically identical among them-
selves, and so we can speak of the sun-
spot spectrum as a definite entity. A de-
tailed study of the entire sunspot spec-
trum has recently been made by Miss
Moore, working with the tower tele-
scope and the great spectroscope at
Mount Wilson. Methods for estimating
the number of atoms involved in pro-
ducing solar lines of various intensities
were already available, so that the var-
ious influences affecting the sunspot
spectrum could be expressed numerical-
ly. For example, the diminution in the
number of excited atoms due to the low-
er temperature of a spot was found to
correspond to a factor of .65 for each
volt of excitation. Taking the tempera-
ture of the sun’s disk as 5,740 degrees
centigrade, the generally accepted val-
ue, this leads to a temperature of 4,720
degrees for the spots.”

OCTOBER, 1882: “M. Stéphane Tar-
nier, the surgeon of the Maternity Hos-
pital in Paris, struck by the great mor-
tality among infants prematurely born,
and those that are very sickly after birth,
has conceived the ingenious idea of con-
structing a box that is almost exactly
similar to the incubators used for poul-
try. The box is divided into two com-
partments, the lower one being used as
a reservoir for hot water. The infant is
placed in the upper one, which is fitted
with a sliding glass cover. The tempera-
ture is maintained at 86 degrees Fahr.,
and M. Tarnier has found that by keep-
ing infants in the incubator for a period
varying from two days to six weeks their
vitality is enormously improved. He has
made experiments upon five six-month
children, six seven-month children and
13 eight-month children, and he has
lost only two of them. According to his
statement three-fourths of them would
have died but for this adventitious aid to
their vitality.”

“Clemens Zimmerman has prepared
metallic uranium by Peligot’s method
and has determined some of its proper-
ties. Its specific gravity is 18.685, and
its specific heat between 99° and 0° is
0.02765. The latter number multiplied
by 240 gives a product of 6.64, which
agrees with the mean atomic heat in-
dicated by Dulong and Petit’s law. The
controversy between the values 120, 180
and 240 for the atomic weight of urani-
um is thus settled in favor of the highest
number and in accordance with Mende-
lejeff’s classification.”

“Sir William Thomson bids us think
of the surface of the earth as sovereigns
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placed on a surface of stiff jelly, and to
picture the basin-like smoothly sloping
dimple the coins would cause. It is plain
that the stiffer the jelly is, the shallower
will be the dimple and the less will be the
strain. An idea of the strength and stiff-
ness of the jelly may be gained by noting
the amount and kind of yielding that
results from known weights resting on it.
Now, the great continents and mountain
chains that rise above the general level
of the earth must strain it in just this
way. The earth must have a certain
strength and stiffness that allows it to
yield under them but not to break. We
can, in fact, calculate what stresses the
actual mountain chains call forth, and
so get a notion of the general strength
of the materials of the globe that sup-
ports them. Mr. George H. Darwin, in a
paper titled ‘On the Stresses Caused in
the Interior of the Earth by the Weight
of Continents and Mountains,’ has car-
ried out this calculation with notewor-
thy patience and skill.”

“Submarine mines, like all other off-
shoots of that mighty agent, electrici-
ty, have of late developed very rapidly.
They may be classed under the follow-
ing heads: (1) those fired at will from the
shore when a vessel is seen to be in their
vicinity, generally known as observation
mines; (2) those fired from the shore on
the contact of the vessel with the mine,
termed electro-contact mines; (3) those
having no cables or connection with
the shore, the firing arrangements be-
ing self-contained. Observation mines,
holding as much as 500 lb. of gun-cot-
ton, are placed at a considerable depth
and can be fired with such accuracy
as to explode under a vessel going at
full speed. The other types of mines
hold about 100 lb. of gun-cotton and
are placed about 13 feet under water.”

“The inaction of the committee hav-
ing in charge the work of soliciting sub-
scriptions for the foundation and pedes-
tal for Bartholdi’s Statue of Liberty has
led to some impatience on the part of the
French Committee of Presentation. The
rumor that the latter committee were
contemplating an offer of the statue to
Boston has stirred the New York com-
mittee a little, but they are still debating
whether to attempt to raise the money
by popular subscription or to solicit a
few large contributions from the wealth-
ier citizens of the city. A member of the
committee has said that various engi-
neers have estimated the cost of a suit-
able base for the study at from $150,000
to $1,000,000. It is thought that an ac-
ceptable base can be made for $200,000.
This sum is a mere trifle for the wealth
of New York, and if the committee can-
not raise it promptly, they ought in cour-
tesy to the artist and his friends decline
the proffered gift in favor of Boston or
some other more deserving city.”
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Creating an ‘eye’ that will see

Lockheed knows how.

It's a project with promise that defies comprehension.

It's the NASA Space Telescope, managed by the Marshall
Space Flight Center and being assembled and tested by
Lockheed. It's scheduled for launch into 320-mile-high
orbit by the Space Shuttle in 1985. And it will extend the
observation reach of astronomers far out into the violent
turmoil of space.

They'll look back about 14 billion light-years to
where many think the universe edges lie. That's seven
times farther than Earth-
bound telescopes, hindered
by atmospheric murk, have
e Yet been able to see. And

© the telescope will find,

lock onto, and study faint
objects and masses only
Jupiter as seen from Earth (left) and 1/50th as bright as any so
through the clarity of outer space far beheld.

A masterpiece getsready for action.

This astronomical observatory, the finest galactic
telescope system ever built, will be a masterpiece of
advanced technology in optics, instrumentation, com-
munications, and pointing control.

It will be large—43 feet long, 14 feet in diameter, and
weighing about 24,000 pounds. When carried aloft, it will
occupy the entire cargo bay of NASA's big-airliner-size
Space Shuttle.

Once the telescope is deployed, its solar panels (being
built by the European Space Agency) will unroll like long
window shades, facing the sun to convert light into
battery-stored electric power. High-gain radio antennas
also will stretch out into position to work via relay satellites

in communication to and from Earth.

And then the great instrument will go to work, its on-
board computing and control systems already intricately
programmed for the first viewing events.

The magnificent mirrors.

Capturing a wide spectrum of faint light (visible, red,
blue, infrared, and ultraviolet) that has traveled billions of
years is the job of the optical assembly (being built by
Perkin-Elmer).

-
The extremely smooth, precisely shaped primary mirror surface will
result from two full years of grinding and polishing.

A concave, foot-thick primary mirror, eight feet in
diameter, will receive light coming in through the
telescope’s sun-shielded aperture. It will reflect and focus
the light forward onto a smaller, facing mirror, which in
turn will reflect the light back through a hole in the
primary mirror’s center. The final focal plane will be
shared by a complex of guidance sensors and five scien-
tific instruments. . . high-resolution cameras, spectrographs,
and a photometer (being built by several institutions).

In their interference-free environment, the mirrors and
instruments will help produce and transmit images with
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the edges of the universe.

INSET The telescope deploved

resolution 10 times greater than now possible with ground-
based telescopes.

Fixing mankind’s steadiest gaze.

Those mirrors and instruments, however, couldn’t do
their best without a unique Lockheed pointing control
system (PCS) that positions and holds them precisely on
target. And that is incorporated in the Lockheed Support
Systems Module, containing the interfacing, communica-
tions, thermal control, data management, and electric
power systems.

Using sensors and gyroscopic devices, the PCS will
move and adjust the huge telescope into a programmed
viewing attitude. The Perkin-Elmer fine-guidance sensors
will fix upon a pair of known, bright ‘guide stars,’
references for finding the target.

When the target object is dead in the telescope’s sight
line, designated instruments will be turned on and other
functions shut down. That's because the tiniest torque or
motion in a small motor or electric relay could jar the
12-ton vehicle off its lock-on point.

And how precise is that lock-on? In angular measure-
ment, there are 1,296,000 arc-seconds in a circle. For
perhaps as long as 20 hours at a time, the telescope will
hold onto a target with a stability accuracy of just seven
thousandths of one arc-second in all directions.

That stability is 100 times greater than any ever achieved
so far. It about equals standing in Boston and holding rifle
sights steady on a dime suspended over Washington, D.C.!

Keeping a beauty in shape.
Lockheed'’s innovative design will also let the telescope
have periodic ‘house calls’ for checkups and maintenance

The great Space Telescope will be tucked into arbit by the Space Shuttle, which will also serve as an occasional on-orbit service center

In a neutral buoyancy tank, an astronaut goes through special training
simulating the service tasks to be performed in space.

during its planned 15-year life. Armed with nothing more
than a 7/16” ratchet wrench and a Lockheed-devised
foot-anchoring tool, a Space Shuttle astronaut will be able
to open access doors, make inspections, replace modular
units, and see to the telescope’s well-being. When
necessary, the Shuttle will retrieve the telescope and
return it temporarily to Earth for general servicing.

The world of science is waiting expectantly. The wonders
yet to be discovered are waiting, too. The Space Telescope
will arrange a meeting.

When it comes to bringing all this together—testing,
refining, integrating all the critical elements of a miracu-
lous scientific breakthrough—Lockheed knows how.

For more information about Lockheed, write for the
1981 Annual Report Highlights to A.F. Melrose,

Lockheed Corporation, PO. Box 551, Burbank, CA 91520.

<. rlockheed
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details. All imports shown are 1982 models

Bold new performance. In ‘83
Cimarron sports a snappy new 20 liter
electronically fuel-injected engine with
a 5-speed manual fransmission. (3-
speed automatic is available)) Plus an
exclusively tuned Touring Suspension,
front-wheel drive and more,

Air conditioning. Full instrumentation
including tach. All standard. And
available features like a new
electrorically tuned AM/FM stereo
cassette radio with 5-band graphic
equalizer.

Extraordinary value. Compare

Cimarron ‘83 to any import in ifs class.
Feature for feature. Sticker for sticker.
Most of all, compare performance with
a demonstration drive. See'a Cadillac

Bold new look. There's a sfrong new
grille treatment and tungsten halogen
fog lamps. A proud new hood
medallion. And crisp, new aluminum
alloy wheels.

Plus Cadillac touches...
Like body-contoured,

leather-faced front
bucket seats with lumbar
support,

dealer soon.
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THE AUTHORS

LYNN R. SYKES and JACK F. EV-
ERNDEN (“The Verification of a Com-
prehensive Nuclear Test Ban”) are geo-
physicists who in addition to their scien-
tific work have spent considerable time
on means of distinguishing underground
nuclear explosions from earthquakes.
Sykes is Higgins Professor of Geologi-
cal Sciences at Columbia University and
head of the earthquake studies group at
the university’s Lamont-Doherty Geo-
logical Observatory. His B.S. and M.S.
were both awarded in 1960 by the Mas-
sachusetts Institute of Technology. His
Ph.D. in geology was granted in 1964 by
Columbia and he has remained at the
university since, taking up his present
jobs in 1971. Sykes’s scientific work
has centered on plate tectonics, includ-
ing the plate-tectonic structure of Asia,
which may be significant in the verifica-
tion of a test-ban treaty. Evernden is
program manager of the U.S. Geologi-
cal Survey’s National Center for Earth-
quake Research. His B.S. in mining ge-
ology (1948) and his Ph.D. in geophys-
ics (1951) are from the University of
California at Berkeley. He writes: “I, of
course, agree with all conclusions pre-
sented in this article, but that agreement
should not be construed as acceptance
of those conclusions by either the U.S.
Geological Survey or the United States
Government.”

RODOLFO R. LLINAS (“Calcium
in Synaptic Transmission”) is profes-
sor and chairman of the department of
physiology and biophysics at the New
York University Medical Center in New
York. Born in Colombia, he received his
M.D. from the Pontifical University of
Javeriana in 1959. He then moved to
Australia as a research scholar at the
Australian National University, from
which he got his Ph.D. in 1965. He came
to the U.S. in the same year as associate
professor at the University of Minneso-
ta. From 1966 to 1970 he was on the
staff of the Institute for Biomedical Re-
search of the American Medical Associ-
ation Education and Research Founda-
tion. In 1970 he became professor of
physiology and biophysics and head
of the division of neurobiology at the
University of Iowa; he left Iowa in
1976 to take up his present jobs at New
York University. In addition to synaptic
transmission Llinds has worked on the
evolution of the central nervous system.

JEROME KRISTIAN and MOR-
LEY BLOUKE (“Charge-coupled De-
vices in Astronomy’’) are respectively
an astrophysicist and a solid-state physi-
cist who share an interest in the subject
of their article. Kristian is astronomer at
the Mount Wilson and Las Campanas
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Observatories of the Carnegie Institu-
tion of Washington and the California
Institute of Technology. He received his
training in physics at the University of
Chicago, from which he obtained his
master’s degree in 1956 and his doctor-
ate in 1962. From 1962 to 1964 he was
visiting lecturer and research scientist at
the Center for Relativity Theory at the
University of Texas at Austin. From
1964 to 1967 he was assistant professor
of astronomy at the University of Wis-
consin at Madison. He is a member of
the group that is building the wide-field
camera for the Space Telescope, which
is scheduled to be launched in 1985.
Kristian’s main scientific interests are
extragalactic astronomy and cosmolo-
gy. Blouke was graduated with a B.S.
from Union College in 1963. His M.S.
(1965) and Ph.D. (1969) are both from
the University of Illinois. Since receiv-
ing his doctorate he has worked for Tex-
as Instruments.

DAVID L. WALTZ (“Artificial In-
telligence”) is professor of electrical en-
gineering at the University of Illinois at
Urbana-Champaign and research pro-
fessor at the Coordinated Science Labo-
ratory there. He earned three degrees in
electrical engineering from the Massa-
chusetts Institute of Technology: a B.S.
in 1965, an M.S. in 1968 and a Ph.D.
in 1972. After a year of postdoctoral
work at M.I.T. he moved to Illinois. He
has been interested in the possibility of
mimicking the action of the human ner-
vous system since his days at M.I.T. He
writes that his “early interests at the
M.LT. Artificial Intelligence Laborato-
ry included the design of a touch-sensing
system for robot hands.” When he went
to Illinois, he became interested in the
utilization of existing human languages
as a means of instructing computers. He
writes that his “group designed and con-
structed an experimental English-lan-
guage question-answering system called
PLANES that served as a front end for a
large base of Navy aircraft flight and
maintenance data.” Waltz adds that out-
side the laboratory his interests include
“playing baritone saxophone (moder-
ately well) in a concert band.”

RONALD E. ROSENSWEIG (“Mag-
netic Fluids”) is senior research associ-
ate and group leader in fluid physics at
the Exxon Research and Engineering
Company. His degrees are in chemical
engineering; they include a bachelor’s
degree from the University of Cincin-
nati, given in 1955, and a master’s de-
gree and a doctorate, awarded in 1956
and 1959 respectively, from the Mas-
sachusetts Institute of Technology. In
1959 he joined the M.L.T. faculty as an
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assistant professor and remained there
until 1962, when he moved to the Avco
Corporation. In 1969 he became presi-
dent and technical director of the Fer-
rofluidics Corporation. He served the
company in several capacities before
he went to Exxon in 1973; he remains
a member of the board of directors of
Ferrofluidics. Rosensweig’s scientific in-
terests include colloids, turbulent mix-
ing and hydrodynamic stability.

DAVID K. LYNCH (“Tidal Bores”)
is a member of the staff of the Hughes
Research Laboratories in Malibu, Cal-
if., where he does work on optics and
holography. He was graduated from In-
diana University with a B.S. in 1969 and
went on to obtain his Ph.D. in astrono-
my in 1975 from the University of Tex-
as at Austin. Before moving to Hughes
he held research positions at several in-
stitutions, including the California Insti-
tute of Technology, the University of
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METAMAGICAL
THEMAS

Variations on a theme as

the essence of imagination

by Douglas R. Hofstadter

eorge Bernard Shaw once wrote
G (in Back to Methuselah): “Y ou see
things; and you say ‘Why?’ But I
dream things that never were; and I
say ‘Why not?’” When I first heard this
aphorism, it made a lasting impression
on me. To “dream things that never
were”’—this is not just a poetic phrase
but a truth about human nature. Even
the dullest of us is endowed with this
strange ability to construct counterfac-
tual worlds and to dream. Why do we
have it? What sense does it make? How
can one dream, or even “see,” what is
visibly not there?

On my table sits a Rubik’s Cube. I
look at it and see a 3 X3 X3 cube
whose faces turn. I see—so it seems to
me—what is there. Some people, how-
ever, looked at the cube and saw things
that werent there. They saw cubes with
shaved edges, spherical “cubes,” differ-
ently colored cubes, Magic Dominoes,
2 X 2 X 2 cubes, 4 X 4 X 4 and higher-
order cubes, skew-twisting cubes, pyra-
mids, octahedrons, dodecahedrons, ico-
sahedrons, four-dimensional polyhe-
drons. And the list is not complete yet!
Indeed, it is impossible to imagine clos-
ing the book on this rich idea.

How did it come about? How is it that,
in looking directly at something solid
and real on a table, people can see far
beyond that solidity and reality, can
see an “‘essence,” a ‘““‘core,” a “theme” on
which to devise variations? I must stress
that the solid cube itself is not the theme
(although it is convenient and easy to
speak as if it were). In the mind of each
person who perceives a Rubik’s Cube
there arises a concept we could call Ru-
bik’s cubicity. It is not the same concept
in each mind, just as not everyone has
the same concept of asparagus or Bee-
thoven. The variations that are spun off
by a given cube inventor are variations
on that concept. In a discussion of per-
ception and invention the distinction be-
tween an object and the concept of the
object in someone’s mind is crucial.

Now, when Sally Cubelover comes up
with a new variation, let us say the
4 X 4 X 4, is it as a result of racking her
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brain, trying as hard as she can to “go
against the grain” in order to come up
with something original? Does she think
to herself, “Golly, Rubik must have re-
ally exerted himself to come up with this
totally new idea; therefore I too must
strain my mind to its limits in order to
invent something original”? Surely not.
Einstein didn’t go around racking his
brain, muttering to himself, “How can I
come up with a great idea?” Like Ein-
stein (although on a lesser scale), Sally
never needs to ask herself, “H’m, let’s
see, shall I try to figure out some way to
spin off a variation on this object sitting
here in front of me?” No, she just does
what comes naturally.

The bottom line is that invention is
much more like falling off a log than like
sawing one in two. In spite of Thomas
Edison’s memorable remark, “Genius is
1 percentinspiration and 99 percent per-
spiration,” we are not all going to be-
come geniuses simply by sweating more
or resolving to try harder. A mind fol-
lows the path of least resistance, and it is
when it feels easiest that it is probably
being its most creative. Or, as Mozart
used to say, things should “flow like
oil”—and Mozart ought to know. Trying
harder is not the name of the game; the
trick is getting the right concept to begin
with, so that making variations on it is
like taking candy from a baby.

h-oh—TI've let the cat out of the

bag. Let me, then, straightforward-
ly state the thesis I shall now elaborate:
Making variations on a theme is really
the crux of creativity.

On the face of it the thesis is crazy.
How can it possibly be true? Aren’t vari-
ations simply derivative notions, never
truly original creations? Isn’t the notion
of a 4 X 4 X 4 cube simply a result of
“twiddling a knob” on the concept of
Rubik’s cubicity? You merely twist the
knob from its “factory setting” of 3 to
the new setting of 4, and presto—you’ve
got it! An inner voice protests. That’s
just too easy. That’s certainly not where
relativity or Rubik’s Cube came from, is
it? Isn’t there a “magic spark” that leaps
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across a gap when an Einstein or even a
Rubik comes up with a great idea, some-
thing that is patently lacking when Sally
Cubelover twiddles a knob on the al-
ready existing notion of Rubik’s Cube?

To be sure, inventing the notion of a
4 X 4 X 4 cube is far less deep than
coming up with special or general rela-
tivity. This does not mean, however,
that the underlying mental processes are
necessarily based on totally different
principles. Of course, there is an obvious
sense in which the underlying mental
processes in your brain, my brain, Sal-
ly’s brain and Einstein’s brain are all
“the same”’: they all depend on the neu-
ral hardware. But it is not this micro-
scopic, biological level I mean when I
suggest that the underlying mental proc-
esses in different brains are somehow
the same. What I mean is that there are
mechanisms, processes, call them what
you will, that can be described func-
tionally, without reference to the neural
substrate enabling them to take place
in brains.

Hence a notion such as twiddling a
knob on a concept bears no relation to
the activities of neurons in the brain, or
at least no obviousrelation. Well then, is
there any reality to it, or is it just a meta-
phor? If someday we come to under-
stand the brain, will we then be confi-
dent that we are on solid ground when
we speak of a brain literally containing
concepts? Or will such statements forever
remain shaky and metaphorical fagons
de parler compared with such hard sci-
ence facts as “At the back of each hu-
man brain there is a cerebellum”? Well,
until words such as “concept” have be-
come as scientifically legitimate as, say,
“temperature,” we will not have come
anywhere close to understanding the
brain—at least not in my book.

It must be admitted that at present
words such as “concept” are only meta-
phorical. They are protoscientific terms
awaiting explication. This, however, is
an excellent reason to try to flesh them
out as much as possible, to try to see
what the metaphor of twiddling knobs
on a concept involves. Pinning down the
meaning of such a metaphor will help us
to know much more clearly what we
would ideally want from a “hard sci-
ence” explanation of the brain.

This metaphor makes your imagina-
tion conjure up a vision of a tangible
thing called a concept that literally has
some kind of knobs on it, waiting to be
twiddled. What I picture in my mind’s
eye is something that, instead of being
built out of millions of neurons, is more
like a metallic “black box” with a pan-
el on it bearing a row of plastic knobs
whose little pointers tell you what each
one’s setting is.

To make this image more concrete,
let me describe a genuine example of
such a black box with knobs. Back in
the days of player pianos good pianists
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made piano rolls of all kinds of wonder-
ful music. Nowadays you can buy pho-
nograph records of those rolls being
played back on player pianos, but you
can do better than that. Many of the best
rolls (made on a special kind of piano
called a Vorsetzer) have been converted
into digital cassette tapes, not tapes to be
put into a tape recorder but tapes to be
played on a piano equipped with a de-
vice called a Pianocorder. The Piano-
corder “reads” the magnetic tape and
converts it into instructions to the key-
board and pedals, so that your own pi-
ano then plays the piece. Each Piano-
corder has a black box on the front
of which is a control panel with a row
of three knobs (“Tempo,” “Pianissimo”
and “Fortissimo”’) and one switch (“Soft
pedal”). By twisting the “Tempo” knob
you can make Rachmaninoff speed up;
by twiddling the “Pianissimo” and “For-
tissimo” knobs you can make Horowitz
play more softly or Rubinstein more
loudly. It is too bad there is not a knob
labeled ‘“Pianist” so that you could se-
lect who plays. It would be interesting
to change in midstream from one pianist
to another.

This device takes us one step toward
realizing a dream of the Canadian pian-
ist Glenn Gould. Gould is very much
at one with the electronic age, and for

| The LLORD 1s my shepherd;

I shall not want.
he leadeth me

He restoreth my soul:
he leadeth me

for ever.

He maketh me to lie down
in green pastures:

beside the still waters.

in the paths of righteousness
for his name’s sake.
Yea, though I walk through the valley
of the shadow of death,
I will fear no evil:
for thou art with me;
thy rod and thy staff
they comfort me.
Thou preparest a table before me
in the presence of mine enemies:
thou anointest my head with oil,
my cup runneth over.

Surely goodness and mercy
shall follow me
all the days of my life:
and | will dwell

in the house of the LORD

years he has been advocating the use of
computers to enable people to control
the music they hear. You begin with an
ordinary recording of, say, Gould him-
self playing a concerto by Mozart. This
is merely raw data for you to manipu-
late. On your space-age record player
you have a bunch of knobs that enable
you to slow the music down or to speed
it up ad libitum, to control the volume
of each separate section of the orches-
tra, even to correct for high notes played
flat by the violinists. In effect you be-
come the conductor, with knobs to con-
trol every aspect of the performance dy-
namically. The fact that it was originally
Gould at the piano is, by the time you
are done with it, irrelevant. By now you
have taken over and made the perform-
ance your own. Presumably such sys-
tems would eventually evolve to the
point where you could start with the
written score, dispensing entirely with
the acoustic recording stage.

Why not carry this farther, then? If we
are allowing ourselves to fantasize, why
not go as far as we can imagine? Why
should our “raw data” be limited to the
finite universe of existing pieces? Why
should there not be a knob to control the
mood of the composition and another to
control the composer whose style it is to
be written in? This way we could get a

Every letter in Donald E. Knuth’s Metafont rendition of Psalm 23 is in a different font
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new piece by our favorite composer in
any desired mood. But that is too con-
servative. Why should we be limited to
the finite universe of composers already
born? Why could there not be a knob
to enable us to interpolate between
composers, making it possible for us to
tune our music-making machine to an
even mixture of Johann Sebastian Bach,
Giuseppe Verdi and John Philip Sousa
(ugh!), or to a position halfway between
Franz Schubert and the Sex Pistols
(super-ugh!)? And why stop at interpo-
lation? Why not extrapolate beyond a
given composer? For instance, I might
want to hear a piece by “the composer
who is to Ravel as Ravel is to Chopin.”
The machine would merely need to cal-
culate the ratios of its knob settings for
Ravel and Chopin and then multiply the
Ravel settings by those same ratios to
come up with a super-Ravel.

It is really no trickier than solving any
trivial analogy problem: “What is to
a triangle as a triangle is to a square?”
“What is to Greece as the Falkland Is-
lands are to Britain?” “What is to a wa-
ter bed as ice is to water?” and other
“easy” problems like that. The truth is,
of course, quite the contrary: analogy
problems are extremely tricky to mech-
anize. The knobs on most concepts are
not so apparent that we can just read
their settings right off. The examples
above simply carried a thought to a ludi-
crous extreme. It is nonetheless worth
while to look seriously at the idea that a
concept can be considered as a machine
whose knobs can be twiddled to yield a
fabulous array of variations.

The Rubik’s Cube concept with its
“order” knob set at 3 gives rise to an
ordinary 3 X 3 X 3 cube, and with that
knob set at 4 a 4 X 4 X 4 cube. Come to
think of it, doesn’t there have to be a
separate knob for each dimension so
that you can twiddle each one indepen-
dently of the others? After all, not all
variations have to be cubical. The Mag-
ic Domino is 3 X 3 X 2. Hence if we
agree that there are three knobs defining
the shape, then in the original cube they
all just accidentally happened to have
the same setting. Now, given these three
knobs we can use our concept—our
knobbed machine—to generate such
mental objects as a 7 X 7 X 7 Rubik’s
Cube, a 2 X 2 X 8 Magic Domino, even
a 3 X 5 X 9 Rubik’s Magic Brick (or, if
you will excuse me, a Rubrick).

But wait a minute. If there really are
only three knobs, we are locked into
three dimensions. Obviously we do not
want that. Then let us add a fourth knob
to control the length in the fourth di-
mension. With this knob we can now
make a four-dimensional2 X 3 X 5 X 7
Rubrick and in addition any Rubik’s
Tesseract we might want. But needless
to say, once we have gone through the



gate from three dimensions to four we
should certainly expect to be able to go
farther. For any n we could imagine n-
dimensional Rubik’s objects, for exam-
ple a 2X3X4X5X6X7X8 Hy-
per-Rubrick. But something peculiar
has happened. We must now conceive of
our machine—our concept—as having a
potentially unlimited number of knobs
on it (one for each dimension in n-di-
mensional space). If n is set at 3, there
need be only three more knobs. But if n
is 100, we need 100 extra knobs!

No real machine has a variable num-
ber of knobs. This may sound like a
somewhat trivial observation, but it
leads into some tricky waters. The point
is that if we want to keep on using the
metaphor of a concept as a machine
with knobs on it, we have to stretch
the very concept of “knob.” New knobs
must be able to materialize, depending
on the settings of other knobs. Or you
can think of it this way, if you like: On
each concept there are potentially an in-
finite number of knobs, and at any mo-
ment some new knobs may be revealed
as a result of the settings of other knobs.

I am not sure I like that view, how-
ever. It is too cut and dried, too closed
and predetermined for my taste. I am
more in favor of a view holding that the
“knobs” on any one concept depend on
the set of concepts that happen to be
active simultaneously in the mind of the
person. This way new knobs can spring
into existence seemingly out of no-
where; they do not all have to be present
from the beginning in the isolated con-
cept. If we go back to Rubik, it would
mean that his concept of Rubik’s Cube
did not (and still does not) explicitly—
or even implicitly—incorporate all the
possible variations people may come
up with. Rubik anticipated, and even de-
signed, many of the objects that have
subsequently appeared and that we per-
ceive as variations on a theme, but his
mind did not exhaust that fertile theme.
Once the concept entered the public do-
main it began to develop in ways Rubik
never could have anticipated.

There is a way concepts have of slip-
ping from one into another, follow-
ing a quite unpredictable path. This slip-
page affords us perhaps our deepest
visions into the hidden nature of our
conceptual networks. Sometimes the
slippage is totally accidental, as it is
when we make a typographical error
or a grammatical mistake, choose the
wrong word, create a malapropism or
concoct a phrase out of other phras-
es. Sometimes it is nonaccidental but
comes straight out of our unconscious
mind. By “nonaccidental” I do not mean
to imply it is deliberate. It is not that we
say to ourselves, “I think I shall now slip
from one concept into a variation of it,”
since this kind of deliberate conscious

slippage is most often quite uninspired
and infertile. “How to think” and “how
to be creative” books (even thoughtful
ones such as George Pdlya’s How to
Solve It) are, for that reason, of little use
to the would-be genius.

Strange though it may sound, nonde-
liberate yet nonaccidental slippage per-
meates our thought processes and is, I
believe, the very core of thinking. This
subconscious manufacture of subjunc-
tive variations on a theme is something
that goes on day and night in each of us,
usually without our slightest awareness
of it. It is one of those things that like air
or gravity or three-dimensionality tend
to elude our perception because they de-
fine the fabric of our lives.

To make this concrete let me contrast
an example of “deliberate” slippage
with an example of “nondeliberate but
nonaccidental” slippage. Imagine that
one summer evening you and Sally
Cubelover have just walked into a sur-
prisingly crowded coffeehouse. Now go
ahead and manufacture a few variants
on that scene, in whatever ways you
want. What kinds of things do you come
up with when you deliberately “slip”
this scene into variants of itself?

If you are like most people, you will
come up with some pretty obvious slip-
pages, made by moving along what
seem to be the most obvious “axes of
slippability.” Typical examples are:

It could have been a winter evening
instead of a summer one.

You could have come with Adam
Spherehater instead of Sally Cubelover.

You could have gone to a Chinese res-
taurant instead of a coffeehouse.

The coffeehouse could have been al-
most empty.

Now contrast your variations with
one I overheard one summer evening in
a crowded coffeehouse when a man
walked in with a woman. He said to
her: “I’'m glad I’'m not a waitress here
tonight.” This is a perfect example of
a subjunctive variation on the given
theme, but unlike yours it emerged
spontaneously and for the purpose of
communication. The list above looks
positively mundane next to this casual
remark. And the remark was not con-
sidered to be particularly clever or in-
genious by his companion. She mere-
ly agreed with the thought by saying
“Yeah.” It caught my attention less be-
cause I thought it was clever than be-
cause I am always on the lookout for
interesting examples of slippability.

I found this example not just mildly
interesting but highly provocative. If
you try to analyze it, it would appear at
first to force you as a listener to imagine
a sex-change operation done in record
time. But when you simply understand
the remark, you see that in reality there
was no intention in the speaker’s mind
of bringing up such a bizarre image.
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His remark was much more figurative,
much more abstract. It was based on an
instantaneous perception of the situa-
tion, a kind of there-but-for-the-grace-
of-God-go-I reaction, that induces a
quick flash to the effect of “Simply be-
cause I am human I can place myself in
the shoes of that waitress; therefore I
could have been that waitress.” Logical
or not, this is the way our thoughts go.

Thus when you look carefully, you see
that this particular thought has prac-
tically nothing to do with the speaker,
or even with the waitresses he sees. It is
just his flip way of saying, “Boy, it sure
is crowded here tonight.” And that, of
course, is why nobody really is thrown
for a loop by such a remark. Yet the
remark was made in such a way that it
invites you to lightly “map” him onto a
waitress, just barely noticing (if you no-
tice it at all) that there is a sex difference.
What an amazingly subtle thought proc-
ess is involved here! And what is even
more amazing (and frustrating) to me is
how hard it is to point out to people how
amazing it is. People find it hard indeed
to see what is amazing about the ordi-
nary behavior of people. They cannot
quite imagine how it might have been
otherwise. It is hard to slip mentally into
a world in which people would rot think
by slipping mentally into other worlds,
very hard to create a counterfactual
world in which counterfactuals were not
a key ingredient of thought.

Here, briefly, is another example: I
was having a conversation with some-
one who told me he came from a town in
Indiana named Whiting. Since I did not
know where the town was, he said it was
near Chicago and then added, “Whiting
would be in Illinois if it weren’t for the
state line.” Again the remark was made
casually; it was certainly not an attempt
to be witty. He didn’t chuckle, nor did L.
I simply smiled, signaling my under-
standing of his meaning, and then we
went on. But try to analyze what this
remark means! On a logical level it is
somewhat like a tautology. Whiting
would undoubtedly be in Illinois if the
Illinois state line made it so, but then if
we are letting the border of Illinois slip,
what is to prevent it from enclosing To-
ronto or even Peking? But psychologi-
cally the remark is quite sensible, rely-
ing implicitly on some shared intuition
about the impermanence and arbitrari-
ness of geographic boundary lines, an
intuition about how state lines could in-
deed slip. It wouldn’t ever occur to us—
except in discourse such as the present
one—to slip the Illinois state line around
Peking. Yet it did occur spontaneously
in that man’s mind. He was thus reveal-
ing some deep qualities of his mental
representation of Whiting.

Remarks such as this one betray the
hidden “fault lines” of the mind; they
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show which things can slip and which
cannot. And yet they also reveal that
nothing is reliably unslippable. Context
contributes an unexpected quality to the
knobs that are perceived on a given con-
cept. The knobs are not displayed on
a neat little control panel, forever un-
changeable. Instead changing the con-
text is like taking a tour around the con-
cept, and as you get to see it from vari-
ous angles more and more of its knobs
are revealed. Some people get to be
good at perceiving fresh knobs on con-
cepts where others thought there were
none, just as some people get to be good
at seeing mushrooms in a forest where
others see none.

It may still be tempting to think that
for each well-defined concept there
must be an “ultimate” or “definitive” set
of knobs such that the abstract space
traced out by all possible combinations
of the knobs yields all possible instantia-
tions of the concept. A case in point is
the concept of the letter 4. The typo-
graphically naive might think that here
there would be only four or five knobs to
twiddle. The more you look into letter-
forms, however, the more elusive any
attempt to define them mathematically
becomes. One of the most valiant efforts
at “knobbifying” the alphabet has been
the letterform-defining system called
Metafont, developed at Stanford by the
computer scientist Donald E. Knuth.

Knuth’s purpose is not to arrive at an
ultimate mathematical definition
of the letters of the alphabet (I suspect
he would laugh at the very notion) but to
allow a user to create “knobbed” letters;
we could call them letter schemas. This
means you can choose for yourself what
the variable aspects of a letter are, and
then, with the aid of Metafont, you can
easily devise knobs allowing those as-
pects to vary. That would include just
about anything you could think of: the
length of a line in a letter, widenings or
taperings of lines, the shape of a curve,
the presence or absence of serifs and so
on. The full power of the computer is
then at your disposal; you can twiddle
away to your heart’s content, and the
computer will generate all the products
your knob settings define.

Going further than dealing with let-
ters in isolation, Knuth allowed letters
to share parameters. That is, a single
“master knob” can control a feature
common to a group of related letters.
Then, although there may be hundreds
of knobs when you count the knobs on
all the control panels of all the letters
of the alphabet, there will be far fewer
master knobs that have a deep and per-
vasive influence on the entire alphabet.
What happens, in effect, is that by twid-
dling the master knobs alone you have
a way of drifting smoothly through a
“space” of typefaces.
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Perhaps Knuth’s greatest virtuoso
feat with Metafont is what he did with
Psalm 23, which in English consists of
593 characters (including spaces). Knuth
had defined a full set of characters that
shared 28 master knobs. He began his
printed version of the psalm with all 28
knobs at their leftmost settings. Then,
character by character, he inched his
way toward the rightmost settings, turn-
ing each knob 1/592 of the way, so that
by the time he reached the final charac-
ter the extreme opposite end of the spec-
trum had been reached. In one sense ev-
ery letter in the psalm is in a different
typeface. And yet the transition is so
smooth that it is locally undetectable.
This example is drawn from Knuth’s in-
spiring article “The Concept of a Meta-
Font” (Visible Language, Vol. 16, No. 1,
pages 3-27; Winter, 1982).

One of Knuth’s main theses is that
with computers we are in the position of
being able to describe not just a thing in
itself but how that thing would vary. Meta-
font epitomizes this thesis. In a sense the
computer, rather than simply blindly re-
producing fixed letterforms, has a crude
“understanding” of what it is drawing,
created by the designer who “knobbi-
fied” the letters. And yet one should be
careful not to fall under the illusion, eas-
ily created by Metafont’s extraordinary
power, that these 28 master knobs—or
any finite set of knobs—actually span
the entire space of all possible typefaces.
This is about as far from the truth as
would be the assertion that the set of
all possible types of human faces could
be captured in a computer program with
28 knobs.

Even the space of all versions of the
letter A is only barely explored when
you twiddle all the knobs in Knuth’s rep-
resentation of 4, not just the 28 master
knobs it shares with other letters but the
many “private” knobs it has as well.
Even 1,000 knobs would not suffice to
cover the variety of 4’s people can rec-
ognize easily. Some examples of the
richness of the full space of A’s are given
in the illustration on page 21.

There is a crucial distinction to be
made here. A machine with one off-on
switch (the most trivial kind of knob) for
each square in a 200 X 200 grid will cer-
tainly define any of the 4’s shown, but it
will not exclude B’s, Z's or pictures of
your grandmother. It is another matter
entirely to define a set of knobs whose
twiddling covers all the A4s shown, all
the interpolations between them (as well
as extrapolations in all possible direc-
tions), yet never leads you out of the
space of recognizable As. This is far
trickier! Similarly, it is a nearly trivial
project to write a computer program
that in principle writes all possible se-
quences and combinations of tones in all
possible rhythmic patterns, but it is a far
cry from writing a program that produc-
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es only pieces in the style of Bach. Put-
ting on the constraints makes the pro-
gram unutterably more complex.

What Metafont gives you, rather than
the full space of the A4’ in all type faces,
is a subspace, and such a tightly related
one that it is perhaps best to call it a
Sfamily. Nobody would be able to predict
the existence of butterflies from having
studied only ants, wasps and beetles.
Likewise nobody would be able to pre-
dict the full magnitude of the concept of
A from seeing the family traced out by
the finite number of knobs in any realis-
tic Metafont program for A.

he next stage beyond Metafont will

be a program that on its own can
extract a set of knobs from a set of given
input letters. This, however, is a pro-
gram for the distant future. At present it
takes a highly trained and perceptive
type designer months to convert a set
of letterforms into Metafont programs
with knobs flexible enough to warrant
the trouble taken. It would be relatively
easy to do it in some crude mechanical
way, but what one wants is for stylistic
unity to be preserved even as the master
knobs are twiddled. Therefore the task
of mechanizing the production of Meta-
font programs amounts to the mechani-
zation of artistic perception. It is hardly
around the corner.

There is a curious work called One
Book Five Ways, published in 1978 by
William Kaufmann, Inc. It came about
as follows. As an educational experi-
ment in comparative publishing proce-
dures, a manuscript on indoor garden-
ing was sent to five different university
presses. The presses all cooperated in
coming up with full publication versions
of the book, which turned out to be stun-
ningly different at all conceivable levels.
William Kaufmann had the bright idea
of publishing pieces of the various ver-
sions side by side; what resulted was this
elegant “metabook.” It brings home the
meaning of the old saying that there is
more than one way to skin a cat.

Making the book was an extravagant
foray into “possible worlds,” the kind of
thing that seems very hard to do. One of
Knuth’s points, however, is that as com-
puters become commoner and more so-
phisticated the notion of skinning a cat
in 10 different ways will gradually be-
come less extravagant. Once your “cat”
has been represented inside a powerful
computer program it is no longer just
one cat; it is a “cat schema,” a mold for
many cats at once, and you can skin
them all differently (or at least until the
cat schema runs out of lives).

Text formatting and computer type-
setting present us easily with many alter-
native versions of a piece of text. Meta-
font shows us how letterforms can glide
into alternative versions of themselves.
It is now up to us to continue this trend



of extending our abilities to see farther
into the space of possibilities surround-
ing what is. We should use the power of
computers to aid us in seeing the full
concept—the implicit “sphere of hy-
pothetical variations”—surrounding any
static, frozen perception.

I have concocted a name for this
imaginary sphere: I call it the “impli-
cosphere,” which stands for “implic-
it counterfactual sphere,” referring to
things that never were but that we can-
not help seeing anyway. (The word can
also be taken as referring to the sphere
of implications surrounding any given
idea.) If we want to enlist computers as
our partners in this venture of invent-
ing variations on a theme, which is to
say turning implicospheres into explico-
spheres, we must give them the ability to
spot knobs themselves, not just to accept
knobs we human beings have spotted.
To do this we will have to look deeply
into the nature of slippability, into the
fine-grained structure of those networks
of concepts in human minds.

One way to imagine how slippability
might be realized in the mind is to sup-
pose that each new concept begins life as
a compound of previous concepts and
that from the slippability of those con-
cepts it inherits a certain amount of slip-
pability. That is, since any of its constit-
uents can slip in various ways, modes of
slippage are induced in the whole. Gen-
erally letting a constituent concept slip
in its simplest ways is enough, since
when more than one slippage comes at a
time, it can already create many unex-
pected effects. Gradually, as the space
of possibilities of the new concept—the
implicosphere—is traced out, the com-
monest and most useful of the slippages
become more closely and directly asso-
ciated with the new concept itself rather
than having to be derived repeatedly
from its constituents. In this way the
new concept’s implicosphere becomes
more and more explicitly explored.
Eventually the new concept becomes
old, and it reaches the point where it too
can be used as a constituent of a fresh,
new, young concept.

Some examples of this kind of thing
were presented in “Metamagical
Themas” for September, 1981. Al-
though September is almost October
and 1981 is almost 1982, you may not
have those examples at your mind’s fin-
gertips, or on the tip of your mind’s
tongue. Let me give a few more exam-
ples of slippage of a new notion based
on slipping some of its parts in their sim-
plest ways. The notion I have chosen
is the one of you yourself sitting there
reading this very column at this very
moment. Here are some elements of the
implicosphere of that concept:

You are almost reading the Septem-
ber 1981 issue of Scientific American.

You are almost reading a piece by
Richard Hofstadter, the historian.

You are almost reading a column by
Martin Gardner.

You are almost reading this column in
French.

You are almost reading my book
Godel, Escher, Bach: an Eternal Golden
Braid.

You are almost writing this column.

I am almost talking to you.

By now the original concept is almost
lost in a sea of “almost” variations, but it
has been enriched by the exploration,
and when you come back to it, it will
have been that much more reified as a
stand-alone concept, a single entity rath-
er than a compound one. After a while,
under the proper triggering circum-
stances, this very example may be re-
trieved from memory as naturally and
effortlessly as the concept of “fish” is.

This is an important idea: the test of
whether a concept has really come into
its own, the test of its genuine mental
existence, is its retrievability by that
process of unconscious recall. That is
whatlets you know the concept has been
firmly planted in the soil of your mind. It
is not whether the concept appears to be
“atomic,” in the sense that you have a
single word to express it by. That is far
too superficial.

Here is an example to illustrate why.
A friend told me recently that the first
edition of Encyclopaedia Britannica con-
sisted of three volumes: Volume 1 was 4
through B, Volume 2 was C through L
and Volume 3 covered the rest of the
alphabet. 4 was given 511 pages and M
through Z were given 753 pages alto-
gether! This amusing fact instantane-
ously triggered the retrieval of another
memory, implanted in my mind years
ago under totally unremembered cir-
cumstances, of how records used to be
made back in the days when there was
no magnetic tape and the master disk
was actually cut during the live per-
formance. The performers would be
singing or playing along and all of a sud-
den the recording engineer would notice
that there was not much room left on
the disk, and so the performers would
be given a signal to hurry up. As a result
the tempo would be faster the closer to
the center of the disk the needle got. I
think it is obvious why the one concept
triggered the retrieval of the other. But
then again, is it really obvious?

On the surface the two concepts are
completely unrelated. One con-
cerns printed matter, books, the alpha-
bet -and so on; the other concerns wax
disks, sounds, performers, recording
techniques and so on. At some deeper
conceptual level, however, these really
are the same idea. There is just one idea
here, and this idea I call a conceptual
skeleton. Try to verbalize it. It is cer-
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It began small, a quarter
century ago.

In a back room of his house,
Dr. Maynard Murray, a Chicago
physician, started a hydroponic
garden.

Instead of growing veg-
etables in soil, he grew them in

And produced enough to feed
a family of four.

Eincouraged, Dr. Murray
moved to Florida and went into

a solution of water and minerals.

Whyan
ear,nose and throat man
went into
radishes, lettuce and peppers.

s gy

hydroponic farming commercially.
Today, he has 178 beds, each
100 feet long and a yard across,
growing vegetables in water.
Pumps developed by the
people of ITT Bell & Gossett flood
the beds twice a day using min-
erals, like “sea solids,” dissolved
in the water to feed the vegetables.
This new kind of farming is
virtually weed-free.
It's also economical —and
oblivious to weather.

Of course, hydroponic
farming requires dependable,
trouble-free pumps. (Dr. Murray
is still using the same ITT pumps
he started with.)

At ITT, our pumps are used
in homes and industry, for every-
thing from air conditioning to
etching computer chips.

But we feel a particular
pride in helping a business like
Dr. Murray’s —something that's
just beginning to grow.

The best ideas are the ITT
ideas that help people.
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tainly not just one word. It will take
you a while. And when you do come up
with a phrase, the chances are it will
be awkward and stilted—and still not
quite right!

Both of the cited instances of this con-
ceptual skeleton—in itself nameless, ma-
jestically nonverbalizable—are floating
about in the implicosphere that sur-
rounds it, along with numerous other
examples I am unaware of, not yet hav-
ing twiddled enough knobs on that con-
cept. I do not, of course, even know
which knobs it has, but [ may eventu-
ally find out. The point is that the con-
cept itself has been reified; this much
is proved by the fact that it acts as a
point of immediate reference, that un-
der the proper circumstances my mem-
ory mechanisms are capable of access-
ing it directly. The vast majority of our
concepts are wordless in this way, al-
though we can certainly make a stab at
verbalizing them when we need to.

Early in this column I stated a the-
sis: that the crux of creativity lies in the
ability to manufacture variations on a
theme. I hope now to have sufficiently
fleshed out this thesis for you to under-
stand the full richness of what I meant
when I said ‘“‘variations on a theme.”
The notion encompasses knobs, pa-

rameters, slippability, counterfactual
conditionals, subjunctives, “almost” sit-
uations, implicospheres, conceptual

skeletons, mental reification, memory
retrieval—and more.

he question may persist in your
mind: Aren’t variations on a theme
somehow trivial compared with the in-
vention of the theme itself? This leads
one back to the seductive notion that
Einstein and other mighty creators are
cut from a different cloth from the one
used to make ordinary mortals, or at
least that certain cognitive acts of such
creators involve principles transcending
the everyday ones. This is something I
do not believe at all. If you look into the
history of science, for instance, you will
see that every idea is built on a thousand
related ideas. Careful analysis leads one
to see that what we choose to call a new
theme is itself always some kind of vari-
ation, on a deep level, of earlier themes.
Newton said that if he saw farther
than others, it was only because he stood
on the shoulders of giants. Too often,
however, we simply indulge in wishful
thinking when we imagine that a clever
or beautiful idea was somehow due to
unanalyzable, magical, transcendent in-
sight rather than to any mechanisms, as
if all mechanisms by their very nature
are necessarily shallow and mundane.
My own mental image of the creative
process involves viewing the organiza-
tion of a mind as consisting of thou-
sands, if not millions, of overlapping
and intermingling implicospheres, at the

center of each of which is a conceptual
skeleton. The implicosphere is a flick-
ering, ephemeral thing, rather like the
electron cloud, with its quantum-me-
chanical elusiveness, around an atomic
nucleus. If you have studied quantum
chemistry, you know that the fluid na-
ture of chemical bonds can best be un-
derstood as a consequence of the cu-
rious quantum-mechanical overlap of
electronic wave functions in space, wave
functions belonging to electrons orbit-
ing neighboring nuclei. In a metaphor-
ically similar way, it seems to me, the
crazy and unexpected associations al-
lowing creative insights to pop seem-
ingly out of nowhere may well be con-
sequences of a similar chemistry of
concepts with its own special types of
“bonds” that emerge out of an underly-
ing “neuron mechanics.”

The novelist Arthur Koestler has long
been a champion of a mystical view of
human creativity, advocating occult
views of the mind while at the same
time eloquently and objectively describ-
ing its workings. In his book The Act of
Creation he presents a theory of creativ-
ity whose key concept he calls bisocia-
tion: the simultaneous activation and in-
teraction of two previously unconnect-
ed concepts. That view emphasizes the
coming together of two concepts, bypass-
ing discussion of the internal structure
of a single concept. This is in keeping
with Koestler’s philosophy of believing
wholes are somehow greater than the
sum of their parts.

In contrast, I have been emphasizing
the idea of the internal structure of
one concept. In my view the way con-
cepts can bond together and form con-
ceptual molecules at all levels of com-
plexity is a consequence of their internal
structure. The crux of the matter is the
internal structure of a single concept
and how the concept “reaches out”
toward things it is not. I am not one
to believe wholes elude description in
terms of their parts. If we come to un-
derstand the “physics of concepts,” then
perhaps we can derive from it a “chem-
istry of creativity,” just as we can derive
the principles of chemistry from those
of physics. But again it is not just around
the corner. Alan Turing’s words of cau-
tious enthusiasm about artificial intelli-
gence remain as apt as they were in
1950, when he wrote them in concluding
his famous article “Computing Machin-
ery and Intelligence”: “We can only see
a short distance ahead, but we can see
plenty there that needs to be done.”

Recently i happened to read a head-
line on the cover of a popular electron-
ics magazine that blared something to
the effect of cHips THAT SEE. Bosh! I'll
start believing in chips that see as soon
as they start seeing things that never
were and asking “Why not?”
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from the first Alliance to the 100,000th.

The result of all this technology is
a spirited car that looks as good in the
wind tunnel (.39Cx) as it does on the
road. How good is that? Good enough
for the European version of the
Alliance to win Europe’s 1982 Car of
the Year award.

Driver appeal and room for five.
Alliance DL. Proof-positive of
Renault’s passion for ergonomics.
With bio-formed bucket seats on
curved tracks to tilt and recline in
totally new ways. An instrument
group whose every element is in easy
reach. And laser-calibrated lines of
sight for improved visibility.

A driver’s car, yes. But sensitive
to passengers as well. The -
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-
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}
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is this:
35,505
Alliance ,
starts at

Renault Alliance. The Alliance of
quality and affordability is here. At
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metallic finishes and halogen lights.
5.5 x 13" cast aluminum wheels.
Even a patented Infrawave Keyless
Entry System, to lock and unlock the
doors from outside the car.

One thing that’s never an option:

the exclusive American Motors Buyer
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Vehicle type: 5-passenger front wheel drive 2-door and
4-door sedan

Engine type: Transverse-mounted, 4-in-line, Bendix
single-point electronic fuel injection (Bosch
multi-point in CA)

Steering ........... Rack and Pinion with Opt. Power Assist
Brakes ...... ....Power-Assisted Front Disc, Rear Drum
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Wheelbase ..... ..97.8in
Length ....... e 163.8in.
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highway mileage and CA figures will
probably be lower.

Protection Plan® With the only full
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even if it just wears out. Plus
a five-year No Rust-Thru
Limited Warranty™
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BOOKS

Legend and reality in volcanic eruptions,

and a magician of scientific illustration

by Philip Morrison

HE TIME OF DARKNESS: LocAL

I LEGENDS AND VOLCANIC REALITY

IN PAPUA NEW GUINEA, by R. J.
Blong. University of Washington Press
($25). THE 1980 ERUPTIONS OF MOUNT
ST. HELENS, WASHINGTON, edited by Pe-
ter W. Lipman and Donal R. Mulli-
neaux. U.S. Geological Survey Profes-
sional Paper 1250, U.S. Government
Printing Office ($35). The trackless
mountain plateau of Papua New Guin-
ea is home to a million people or more,
their well-tended green gardens scat-
tered among luxuriant rain forest and
tall-grass lands dissected by valley and
peak. They have lived there for a long
time, long enough for the land itself to
have become a garden of languages and
cultures. Under the shadow of Mount
Hagen, central to the region, there is a
prehistoric site, the Kuk swamp, where
the spade testifies to nearly 10,000 years
of pig keeping and at least 6,000 years of
ditched gardens. The stratigraphy, how-
ever, is not at all obvious; rainfall is
more than 100 inches per year, and the
topsoil has been much worked by hu-
man hands. Ten thin, irregular layers of
recognizable volcanic ash provide the
relative chronology.

The Time of Darkness records the sur-
prising way of an Australian investi-
gator whose acute vision retains a wide
field of view. He sought to extend the
utility of that telltale ash. Could it be
recognized as a time marker across the
entire plateau? R. J. Blong’s study began
with the topmost layer, an olive gray,
silty fine sand called the Tibito Tephra,
lying an inch or so thick a foot down in
the peat of the swamp. For comparison
he studied the second layer too, the Ol-
gaboli Tephra, a grayer deposit typical-
ly found a couple of feet lower. More
than 200 field samples were taken at
sites scattered across a couple of hun-
dred miles of the highlands and down to
the coast.

All the ash samples were carefully an-
alyzed, mainly by X-ray spectrometry.
The analysis of the major elements is
slow and disappointing; it does not dis-
criminate the two layers. On the other
hand, trace analysis, say for 10 or 100
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parts per million of strontium and ru-
bidium, is revealing. Points for the two
ash layers fill two satisfyingly well-sepa-
rated patches on the plot of rubidium-
v.-strontium content. The recent Tibito
Tephra is a single fall, to be recognized
right across the land in any small sam-
ple. Whence did it originate? The eroded
volcanoes everywhere in the highlands
are long dormant; the few small steam-
ing vents here and there can be exclud-
ed. Terrible Krakatau comes at once
to mind. It is 2,000 miles west, but
such far-flung ash is always rich in sil-
ica; the heavier particles of rocky stuff
fall out faster than the frothy siliceous
pumice as the clouds drift downwind.
Yet no highland ash is as rich in sil-
ica as the ash Krakatau sent over near-
by Java.

The volcanologists had already deter-
mined that there is a chemical gradient
along the arc of active island volcanoes
offshore from New Guinea in the Bis-
marck Sea. Probably reflecting the rate
of plate convergence, the efflux from
these big craters differs systematically in
composition from west to east. Both
tephra layers fit well into the series; only
one or two island volcanoes might be
their source. The lake-filled caldera on
Long Island, five miles wide, is the best
candidate. The island fringe has been
carefully studied. For three periods over
the past 20,000 years Long Island has
shown powerful activity, once quite re-
cently. Its ashes resemble the Tibito
Tephra closely in both minor- and ma-
jor-element composition. Mapping the
samples strengthens the indictment. The
plot of highland ash-layer thickness
against sample distances from Long
Island shows a crude but statistically
satisfactory pattern; the layers thin out
and the particle size dwindles steadily
downwind from Long Island. A com-
plete map cannot be prepared from the
spotty samples, but the trend is com-
pelling. Long Island, 300 miles upwind
from Kuk swamp, was the source of
the Tibito Tephra (although not of the
older layer).

That was a big event. The total vol-
ume of ash can be estimated: it is tens
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of cubic kilometers. Long Island’s lat-
est eruption was rather bigger than that
of Krakatau and more than an order
of magnitude bigger than that of Mount
St. Helens. It stands as a major erup-
tion on a world scale not merely over
a decade or two but over a couple of
centuries. Its ash fall would surely have
brought darkness at noon to a sizable
area, and the Papuan highlanders bear
witness.

The second half of this geologist-
turned-ethnographer’s admirable detec-
tive work is the recovery of the human
record. It is carried in oral tradition—
legend—as told in scores of languages
across the highlands. A survey, made by
postal questionnaire and printed appeal,
brought in a sampling of the relevant
tales. Eight are retold here. “In olden
days, men saw to the south the whole
land was covered with dark clouds....
The ash-storm reached them and they
had to stay inside their houses for four
or five nights.... Gradually over a
two-day period it grew light again.” Or:
“On a certain morning long ago...the
people of our village awakened to find
that the day did not lighten.” Or again:
“l am going to tell the story of dark-
ness.... I did not see it. People told me
and so I know it.” Again: “When they
went outside, they found everything
covered with sand—like the sand in a
stream.”

The inquiry drew some 100 replies,
mostly through linguists and anthropol-
ogists. The names and places of the in-
formants are given in full. Of course,
translation is a source of noise. There
are nonetheless about 56 responses that
probably refer to the fall of tephra, and
only a dozen in which the informant
knew of no such legend; the rest are per-
haps accounts of hail or snow or eclip-
ses, or simply remain ambiguous. Most
of the respondents believed the event
was historical and had happened only
once. Six physical samples came in, col-
lected in response to a question in the
legend and offered as the material that
fell during the time of darkness. Four of
the samples are the Tibito Tephra itself;
the other two seem to be volcanic ash
but from some other fall. The people
still recognize the kind of stuff that fell
from the sky to darken the day. In some
places they remember the ash as evil; in
others it was the basis of a period of
plenty. Ethnovolcanology is manifestly
alive in the highlands.

The legends are carefully sifted for
their detailed implications on the ash
fall. The question left most uncertain is
the epoch of that ancient time of dark-
ness. Carbon-14 dating of partly burned
trees on Long Island, which may well
have been killed by the latest eruption
there, is rather uncertain; the best cal-
ibrations suggest a time around A.D.
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A Bewick cuckoo: watercolor study (top), pencil drawing (middle) and wood engraving
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1650. The people now on Long Island
seem to agree that they are relative
newcomers. Travelers’ reports help a
little but are inconclusive. The English
buccaneer-naturalist who named the
“very green and flourishing” Long Is-
land drew a profile like today’s as he
sailed by in 1700, but that cannot quite
exclude a later explosion. A Russian
nobleman who lived on the mainland
shore of the Bismarck Sea opposite the
island through the 1870’s offers obser-
vations that exclude any time much lat-
er than 1820.

The preponderance of Papuan tale-
tellers put the darkening only three or
four generations ago. Only a few count-
ed seven generations back or more, and
none gave the clear estimate of eight
or 10 generations the carbon-14 dating
seems to imply. Such quantitative infor-
mation appears the least reliable in the
unwritten history of the Papuans. There
are hints from the coast of two dark-
enings at one place; possibly even the
older Olgaboli fall is dimly remem-
bered there, along with an island that
disappeared in a case of caldera col-
lapse still unknown to the geologists, a
millennium ago.

The 1980 Eruptions of Mount St. Hel-
ens, a hefty volume strikingly illustrated
with many action photographs in col-
or, presents the definitive professional
study of our recent Oregon “time of
darkness.” There is even a good deal of
eyewitness account among the 62 pa-
pers that treat the events at the volcano
through 1980, its most active year so far.
The editors are expert indeed; Donal
Mullineaux is one of the senior volcan-
ologists who recognized that St. Helens
is the youngest and most active of all
the Cascades and who in 1978 forecast
its vigorous eruption within the cen-
tury. He and Dwight R. Crandell re-
view its eruptive history over Holocene
time in the first paper. The volume de-
scribes the 1980 events in full detail,
with the geophysical record, the analy-
ses of all deposits, the widespread ef-
fects and assays of potential hazard and
prediction.

Suffice it to admire this big and hand-
some book by giving only the following
impressions of its rich and detailed con-
tents. Gary Rosenquist was camping
with a few friends about 10 miles north-
east of the summit. On that Sunday
morning one of the party noticed some
steam emerging from the mountain. Ro-
senquist put his camera on a tripod and
took one picture. He left the camera
in place. His companion watched the
mountain through binoculars, until he
saw motion. He shouted that the moun-
tain was going, and Rosenquist began
taking pictures as fast as he could wind
the film. He managed two dozen, of
which 10 are reproduced here in color.
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By arrangement with government officials throughout the world,

a complete collection of all the circulating coins — in mint-fresh condition —

from every coin-issuing country of the world.

Please mail your application
by October 31, 1982.

Limit of one collection per person.

You have the unprecedented oppor-
tunity to acquire a collection of world
coinage unlike any that has ever been
issued before. A collection of complete
sets of official monetary coins from the
coin-issuing nations of the world—
with each set sealed in an individual
cachet, date-canceled and postmarked
in the country of issue.

This comprehensive collection will
provide every member of your family
with an intriguing way to learn about
countries and peoples in every part of
the world—through their official coin-
ages. It will be an enjoyable and
enriching experience, and an educa-
tional adventure as well. For you will
gain a better understanding of each
country—while you are building a
comprehensive collection of world
coins that is certain to become a prized
family possession.

Assembled by special arrangement
with government officials
in more than 100 countries

To put together the Coin Sets of All Na-
tions collection, The Franklin Mint
made special arrangements with the
central banks or monetary authorities
‘of more than one-hundred coin-issuing
nations—and with the individual post-
al authority of each of those nations.
Every country that regularly mints and
issues coins will be represented in this
collection, except where government
regulations or restrictions on availabil-
ity prohibit.

The result will be a comprehensive
and fascinating collection of mint-fresh
coins that would be extremely difficult
to assemble even if you were to travel
to every one of the coin-issuing coun-
tries of the world—because coins in
mint-fresh condition usually are ob-
tainable only for a short period of time
after they’re struck.

Sealed in specially
postmarked cachets

Here are the features that make this
collection unique:

All of the circulating coins from
each of the coin-issuing nations
will be included in the collection.
Each coin in every set will be in
mint-fresh condition.
Every coin set will be sealed in its
own individual cachet, which has
been designed especially for this
collection.
Each cachet will be officially
stamped and date-canceled, and
will be postmarked in the country
that issued the coins.
The complete collection will be
available only by subscription.
Coin Sets of All Nations will not be
sold through any coin dealers, stores or
even national banks in this country or
abroad. The collection can only be ac-
quired directly from The Franklin Mint
and solely by subscription.

Educational and enjoyable
for every member of the family

Many of the coins in this series are out-
standing for their beauty, their histori-
cal significance and the themes they
represent. Thus the collection provides
a pleasurable learning experience for
young and old alike. The coinage of
Greece, for example, evokes its rich
classical heritage: the 20 drachmai
portraying the great statesman Pericles
and the 10 drachmai, the philosopher
Democritus. The coinage of Japan fea-
tures the 100 yen coin with its lovely
design of cherry blossoms and the 10
yen with its portrayal of the Byodo-in
Temple near Kyoto, capitai of ancient
Japan.

The coinage of Austria consists of 8
different coins, with the 5 schilling
piece showing a Lippizaner stallion of
the renowned Spanish Riding School in
Vienna. Each coin in Australia’s issue

Coins in special date-canceled cachets. shown smaller than actual size.
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portrays a different native animal: the
kangaroo, emu, platypus, lyrebird,
spiny anteater. The coins of Indonesia
depict the exotic birds of that land, and
the coins of Fiji ceremonial objects
unique to the culture of this island peo-
ple. By contrast, the coinage of Swe-
den is very formal: the 1 Krona bearing
a classic portrait of King Carl Gustaf
and the 50 Ore featuring the royal
monogram and the Swedish Crown.
More than 100 complete sets in all—
each one an education in itself.

These official coinage sets form a
collection of infinite variety—and in-
clude coins of many different shapes:
round, octagonal, twelve-sided, scal-
loped. And they are minted in a variety
of metals: bronze, copper, brass, nickel
and cupro-nickel.

Storage cases and
reference folders provided

To enable you to store and protect your
coinage cachets—and locate the is-
sues quickly and easily—a set of four
handsome hardbound cases will be in-
cluded as part of the collection. In ad-
dition, a specially written folder will be
sent with each coinage set. It will give
important facts about the country rep-
resented and background information
on its coinage— information you won'’t
find in most books or magazines.

As a subscriber, you will receive
your collection at the rate of two issues
per month. The price for each issue is
$13.95 including the mint-fresh coins,
cachets, stamp, foreign postmarking
and all customs charges. There is no
added charge for the storage cases or
reference folders.

Subscription applications for Coin
Sets of All Nations are being accepted
at this time. But because of the diffi-
culty of obtaining a sufficient quantity
of mint-fresh coins for every nation
represented, it is important that your
application be mailed promptly. (A fu-
ture opportunity to subscribe may be
offered but cannot be guaranteed.)

To subscribe for this complete series
of coinage sets from around the world
—and to bring your family a fascina-
ting and educational experience that
will enrich their lives—be sure to mail
the accompanying postpaid applica-
tion to The Franklin Mint, Franklin Cen-
ter, PA, by October 31st.
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diverse maize and barley and the rest
have become in their symbiosis with hu-
mankind is an old story; the freshest
part of this account concerns the pas-
ture grasses. For each important grass
genus there is a small narrative of struc-
ture, history and use.

The grasses, however, are not all. A
fine grassland pasture will be sown with
a mixture of a grass with some for-
age legume, for example rye grass with
white clover. That clover is a prostrate,
branching plant in easy symbiosis with
the nodular nitrogen-fixing bacteria at
its roots. Such pasturage is palatable
to all livestock, and it long sustains a
careful balance of grazing and mineral
fertilization. Nitrogen fertilizer overen-
courages the grass; insufficient grazing
denies light and hence growth to the
overshadowed low clover. The system
has more components still. If bees are
few, only a poet’s prairie can flourish.
Then there is another legume: alfalfa, or
lucerne. It spread from Anatolia along
with the nomads and their cavalry, the
jet fuel of ancient warfare, the authors
say. It is a highly productive source of
nutritious hay, particularly in dry cli-
mates, but no one has found any com-
panion grass to fit its growth rhythm.
Honeybees do not pollinate alfalfa well;
bumblebees, so unsocial a population as
to be beyond human management, are
reliable only where they are abundant.

We read a little of bloat, the forma-
tion of a stabilized foam in the ferment-
ing grassy rumen of cattle that have
overeaten rich alfalfa or clover. There is
also a biochemical hazard. Glucosides
are nitrogenous sugars, some of which
can hydrolyze to release hydrogen cya-
nide; ruminants can detoxify that poison
to a degree, but some strains of clover,
such as the grassy sorghums, lead to
grazer’s trouble. The sense of system is
well conveyed.

It is sunlight that supplies the free en-
ergy to pasture and field. Here is a brief
tale of the two distinct routes of photo-
synthesis; they seem to be adaptations to
two climates rather than two open op-
tions. The C4 plants are tropical grasses
such as corn, good crops for hot summer
weather. It is the strong correlation be-
tween leaf area and yield, however, that
is the key. “The art of grazing manage-
ment has its scientific basis in the con-
cept of leaf area index”: the ratio of the
leaf area to the area of ground covered,
integrated over the time of growth.

This text is not simple for the nonbo-
tanical reader, but it is a valuable path
around the bigger specialized volumes,
a guide to the extensive literature and
a city reader’s eye-opener. The draw-
ings in line and stipple are numerous
and attractive.

N ALBUM OF FLUID MOTION, assem-

bled by Milton Van Dyke. The Par-
abolic Press, P.O. Box 3032, Stanford,
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Calif. 94305 ($20). “We who work in
fluid mechanics are fortunate,” the au-
thor disarmingly begins, “that our sub-
ject is easily visualized.” Most texts
and many articles on fluid mechanics
present a few flow photographs. Over
the decades the scientific literature has
grown into a treasure house of flows vi-
sualized. The methods are many. Some
are as simple as the use of aluminum
dust, smoke, ink or fluorescent dye to
mark flow paths in a transparent fluid.
An immersed wire pulsed with electric
current can generate precise trains of
tiny bubbles by the electrolysis of water.
Various shadowgraph and optical-inter-
ference schemes render the transparent
more subtly visible, taking advantage,
for instance, of minute gradations of
density.

The three-dimensional form of some
phenomena is often confusing, with all
meaning self-shielded; a cunning optical
sample made by a slit or a line of illumi-
nation can simplify a great deal. The
manipulation of time is central. Time
exposures integrate motion; fast flashes
stop it. Ingenious experimenters have
prepared special setups to display to the
eye just the point they choose to make,
sometimes realizing an abstract mathe-
matical construction or displaying a se-
quence of events to demonstrate the
critical influence of some single flow
parameter.

All these images and more are loosely
ordered by topic in thisextensive compi-
lation. Each picture has a clear explan-
atory caption; an intrigued innocent
can enjoy the images for their manifest
meaning and beauty. But the more you
know, the more you gain. The explana-
tions are terse and precise, if informal.
An expert or a serious student will profit
most; he who runs will overlook what
she who counts rings or compares dis-
tances can delight in. The center of the
work is at the scale of the laboratory
and the test wind tunnel; few of the flow
patterns shown are tiny, and only a
couple, such as a jet aircraft’s contrail
or the bore of the River Severn, were
made outdoors. Professor Van Dyke
has stayed with the prepared model; no
tornado, galaxy or bacterium is to
be found. The volume therefore has a
somewhat austere interest. Mainly in
the sections on supersonic flow and
shock waves do we see practical forms,
real projectiles or model aircraft; most
of the geometry is the sphere, the cyl-
inder, the slot, the plate or the ring,
all dear to the theorists. Let the chosen
start be simple, soon enough the contin-
uous flowing fluid expresses its inherent
complexity.

A few examples will serve to indicate
what is here. These are images meant to
be examined by the eye in full two-di-
mensional spread; they are only meager-
ly mapped onto a short string of words.
Smokeringsare shown in a dozen shots,
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Maximum 51,'' Disk Capacity Per Drive 170K/ 1000K 143K 160K 178K 96K
Audio Features

Sound Generator YES YES YES NO YES

Music Synthesizer YES NO NO NO NO

Hi-Fi Output YES NO NO NO YES
Video Features

TV Output YES EXTRA EXTRA NO YES
Input/Output Features

“Smart” Peripherals YES NO NO NO YES
Software Features

CP/M® Option (Over 1,000 Packages) YES YES YES YES NO

*Manufacturer's Suggested Retail Price. July 1. 1982. Disk drives and pr/nters_ are not included in prices. The 64 s price may change without notice.

In fact, you don't even need a calculator, pencil or
a piece of paper.

All you need is this chart.

It clearly spells out the big advantage of the
Commodore 64™ personal computer. That advantage is
its performance for the money.

FOR THE POWER-HUNGRY: FOOD FOR THOUGHT.

Note that the Commodore 64's standard memory
is 64K. Which is significantly greater than that of the
competition.

Also note that the Commodore 64’s suggested
retail price is $595. Which is significantly less than that
of the competition.

MAKING THE EXTRAS AFFORDABLE.

Because the basic cost of the Commodore 64 is
so low, you can afford to buy more peripherals for it.
Like disk drives, printers, and a telephone modem that'’s
priced at around $100.

This means you can own the Commodore 64,
disk drive, printer and modem for a little more than an
Apple II+® computer alone.

And when the modem hooks up your new system
to the telephone you already have, the world of telecom-
puting is at your fingertips.

A REVELATION IN RESOLUTION.

The 64’s 320 x 200 pixel resolution is something
you should see in person. Combined with 16 available
colors, 3D Sprite graphics and chart/graph capability, it
makes the 64’s video performance a revelation.

Which means that using Commodore’s plug-in
game cartridges—or those of your own invention—you
get visual action you may have thought existed only in
video game arcades.

MUSIC TO YOUR EARS.

Inside the Commodore 64 is one of the most
sophisticated music synthesizers ever built into a com-
puter, “micro” or otherwise.

It has 3 voices, each with a 9-octave range,

4 waveforms and a programmable ADSR (attack, decay,
sustain, release) generator.

While you're composm% or listening, the music
can even appear as notes on the screen. And when
hooked up to your home audio system, you’ll hear sounds
you never thought possible from a computer.

AN INSATIABLE APPETITE FOR SOFTWARE.

The 64 will have a broad range of custom soft-
ware packages,including an electronic spreadsheet; busi-
ness graphics (including printout); a user-definable diary/
calendar; word processing; mailing lists, and more.

With BASIC as its primary language, it is also
PET BASIC compatible. The Commodore 64 will also
be programmable in USCD Pascal, PILOT and LOGO.

And, with the added CP/M® option, you will have
access to hundreds of exciting software packages.

A SIMPLE SOLUTION.

Until today, small differences between computers
made the decision on which computer to buy a big prob-
lem. For 25 years, Commodore has been committed
to delivering better products at lower prices.

Today, the company’s vertical integration has re-
sulted in the Commodore 64's price performance break-
through. All this adds up to making the decision on
which computer to buy easy. The Commodore 64.

CP/M*" is a registered trademark of Digital Research, Inc.

| Commodore Business Machines/Personal Systems Division |
| P.O. Box 500 Conshohocken, Pennsylvania 19428

| Please send me more information on the Commodore 64.
| Name_

|Address_ - o -

City State Zip

|
|
| = commodore
|
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leapfrogging as one ring passes through
the leader and is in turn overtaken and
penetrated: interaction with the flow
field. Another splendid view in the book,
repeated on the back cover, makes clear
what we all should have seen but missed.
Thereal vortexringisnot a single closed
doughnut surface; rather within it there
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FLUENTLY B Youdevelop anauthenticaccent.
B Proven learning success. You LISTEN to real B Money-Back Guarantee. Linguaphone

face oscillations breaking into rolls and
vortex rings, ending in wispy chaos. A
layer of heated oil marked with alumi-
num powder forms a striking honey-
comb of hexagonal convection cells,

conversations on cassettes... UNDERSTAND

what you hear by following illustrated textbooks...

HOLD CONVERSATIONS with the speakers.
B Linguaphone Institute established nearly 60

years, a Division of Westinghouse Learning
B You lean faster and at less cost

World Language Courses, Inc. Dept.112

[] Check enclosed.
Acct. #

Charge my

Linguaphone

NO RISK GUARANTEE — 28 DAY FREE TRIAL
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Courses are unconditionally guaranteed.
Try it for four weeks. If you're not completely
satisfied, retumit for afullrefund. There’s no
risk and no obligation, so order today!

| The
Language
Masters

313NolanaAve. McAllen,Texas 78501

Please send me the complete course (comprehensive — basic and intermediate).
30 lessons on cassettes and three books. $105.00 postpaid.

Visa Mastercard
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Street

City

Signature

State Zip

edited by Glyn Daniel

request from

ANTIQUITY

A Periodical Review of Archaeology

Founded in 1927 by O. G. S. Crawford, ANTIQUITY
has appeared regularly ever since and won acclaim the
world over as the most authoritative journal in its field.
While written by specialists, the articles, notes and
reviews are popular in character and indispensable to
all interested in the development of man and his past.

Professor Glyn Daniel, Faculty of Archaeology and
Anthropology in the University of Cambridge, and
Fellow of St John's College, has been Editor since 1956.

The annual subscription, postage included, is $35.
Subscription forms and bankers’ orders are available on

ANTIQUITY PUBLICATIONS LIMITED
Heffers Printers Ltd. King’s Hedges Road,
Cambridge, England CB4 2PQ
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within which a single sixfold set of aber-
rant diamonds signals a tiny dent in the
hot plate below. A page shows a se-
quence of simple waves in water, but
the familiar watery motion is traced
by small white particles. Below the pure
running wave the water elements exe-
cute their small perfect circles; within
a standing wave the water streams in
smooth arcs back and forth from trough
to crest.

Finally, in the Army Ballistic Re-
search Laboratory they sent a small
sphere flying at Mach 3 past a plate with
a line of regularly spaced holes. As the
bow shock that travels with the projec-
tile passes each opening its presence ini-
tiates an acoustic wave, a half sphere
visibly expanding from each small hole.
The envelope of these waves defines the
Mach number graphically in a single
photograph.

There is even a sense of history. The
frontispiece is a print of a brass bullet
in flight enlarged from a tiny negative
made almost a century ago in Prague by
Ernst Mach himself, in the first year of
the visualization of the supersonic bow
shock. In 1883, when Osborne Reynolds
carefully fed a line of dye along the axis
of a glass tube carrying a flow of wa-
ter, he reported by sketches rather than
photographs. His apparatus remains in
Manchester, and his successors there
have repeated his work with photo-
graphs to display the sharp onset of
turbulent mixing as the flow speed in-
creases. The ceaseless tremor of “mod-
ern traffic. .. made the critical Reynolds
number lower than the value 13,000
found by Reynolds.”

No color photographs are found here;
although they can be striking, they
would have raised the price beyond the
student’s resources, a point much on the
mind of Professor Van Dyke, who de-
votedly assembled thisset of prints from
many colleagues around that world
where all things flow. Self-published, de-
signed handsomely within the family,
this collection needs and will enduringly
reward many owners. What technical li-
brary can be without it?
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You simply agree to buy 3 more books—
at handsome discounts—in the next 12 months.

This intriguing, authoritative and
thought-provoking 3-volume set
with a publishers’ price of
$98.85 can be yours for $2.95
when you join The Library of
Science book club. Here's what
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CATASTROPHE THEORY FOR
SCIENTISTS AND ENGINEERS
By Robert Gilmore.

A massive, invaluable reference for improving
the analysis and prediction of change on every
conceivable level. Against a background of
simple differential calculus, the author pre-
sents Elementary Catastrophe Theory from a
point of view which is tailored to the needs
and backgrounds of physical scientists and
engineers. Applications covered include
phase transitions in classical and quantum
mechanical systems, climatology, optical
caustics and diffraction patterns. “An excel-
lent text."—Nature.

666 pages. Fully illustrated.
Publisher’s Price $49.95.

MATHEMATICAL DISCOVERY:
On Understanding, Learning,

and Teaching Problem Solving

By George Polya.

A newly combined edition of Polya's two-
volume classic. Using a hands-on approach,
this step-by-step guide will show you how to
solve problems requiring a fair degree of judg-
ment, originality and creativity in algebra,
geometry and combinatorics. This heuristic
method teaches you how to recognize when
a problem is suitable for mathematical treat-
ment, and how to plan a strategy for
tackling it.
“This classic text on problem-solving...is still
ripe with strategy, insight, heuristics, and
hints for teachers.”

—The American Mathematical Monthly.

432 pages. Softcover.
Publisher’s Price $20.95.
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THE MATHEMATICAL EXPERIENCE
By Davis and Hersh.

In 60 vivid voyages, the authors, both prize-
winning mathematicians, explore the abstract,
scientific and aesthetic aspects of mathe-
matics, making understandable such for-
bidding areas as group theory, the Riemann

hypothesis, non-Canorian set theory and non-
standard analysis. “A true gem, one of the
masterpieces of our age."—The American
Mathematical Monthly.

440 pages. Extensively illustrated with charts,
diagrams and photos.
Publisher’s Price $27.95.
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1. The Finest Books. Of the hundreds of science
books published each year, only the very finest are
selected and offered. Moreover, our books are
always of equal quality to publishers' editions, never
economy editions.

2. Big Savings. In addition to getting The Mathe-
matics Library for only $2.95, you keep saving
substantially—up to 30% and occasionally even
more. (For example, your total savings as a trial
member—including this introductory offer—can
easily be over 50%. That's like getting every other
book free!)

3. Bonus Books. Also, you will immediately
become eligible to participate in our Bonus Book
Plan, with savings up to 70% off publishers’ prices.

4. Convenient Service. At 3-4 week intervals

(16 times per year) you wil receive the Book Club
News, describing the Main Selection and Alternate
Selections, together with a dated reply card. If you
want the Main Selection, do nothing and it will be
sent to you automatically. If you prefer another
selection, or no book at all, simply indicate your
choice on the card, and return it by the date speci-
fied. You will have at least 10 days to decide. If,
because of late mail delivery of the News, you
should receive a book you do not want, we
guarantee return postage

If reply card has been removed, please write:
The Library of Science—Dept. 2-AP6, Riverside,
N.J. 08075 to obtain membership information
and application.

The Library of Science is a very special book club.
A club dedicated to keeping members of the scientific community
(and knowledgeable amateurs) aware of the important advances
and the speculative thinking in their own and related fields.
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The Verification of a Comprehensive
Nuclear Test Ban

Networks of sersmic instruments could monitor a total test ban

with high reliability. Even small clandestine explosions could be

Identified even If extreme measures were taken to evade detection

by Lynn R. Sykes and Jack F. Evernden

wo treaties put into effect over the
I past 20 years have set limits on the
testing of nuclear weapons. The
Limited Test Ban Treaty of 1963, which
has been signed by more than 120 na-
tions, prohibits nuclear explosions in
the atmosphere, the oceans and space,
allowing them only underground. The
Threshold Test Ban Treaty of 1976, a
bilateral agreement between the U.S.
and the U.S.S.R., prohibits underground
tests of nuclear weapons with a yield
greater than 150 kilotons. In the present
climate of widespread pressure for more
effective control of nuclear arms the
idea of a comprehensive ban on all nu-
clear testing is receiving renewed atten-
tion. Such an agreement would be an
important measure. It might inhibit the
development of new weapons by the
major nuclear powers, and it might also
help to prevent the spread of nuclear-
weapons technology to other countries.
A halt to all testing was the original
goal of the negotiations that led to the
1963 Limited Test Ban. New talks with
the aim of achieving a total ban were
begun in 1977 by the U.S., the U.S.S.R.
and Britain, but the talks were suspend-
ed in 1980. In both cases the main im-
pediment to a comprehensive treaty was
the contention by the U.S. and Britain
that compliance with the treaty could
not be verified because sufficiently small
underground nuclear explosions could
not be reliably detected and identified.
In July the Reagan Administration an-
nounced that the test-ban negotiations
with the U.S.S.R. and Britain will not be
resumed. Once again the primary reason
given was a lack of confidence in meth-
ods of verifying compliance.

In 1963 the reliability of measures for
the verification of a treaty banning ex-
plosions larger than about one kiloton
may have been arguable, but it no long-
er is. We address this question as seis-
mologists who have been concerned for
many years with the detection of under-
ground explosions by seismic methods
and with means of distinguishing under-
ground explosions from earthquakes.
We are certain that the state of knowl-
edge of seismology and the techniques
for monitoring seismic waves are suffi-
cient to ensure that a feasible seismic
network could soon detect a clandes-
tine underground testing program in-
volving explosions as small as one kilo-
ton. In short, the technical capabilities
needed to police a comprehensive test
ban down to explosions of very small
size unquestionably exist; the issues to
be resolved are political.

Al underground explosion sets up
elastic vibrations that propagate as
seismic waves through the earth and
along its surface. The waves travel great
distances, and seismic monitoring in-
struments in common use are sensitive
enough to record even those generat-
ed by very small explosions. Once the
waves have been detected the main task
is to distinguish the seismic signals of
explosions from those of earthquakes.
This can be done with a network of sev-
eral widely separated seismometers.
Two types of elastic vibrations can
propagate through the solid body of the
earth, that is, through the crust and the
mantle. The first waves to arrive at a
seismometer are compressional waves,
which are similar to sound waves in
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air or water; the seismological name
for them is P (for primary) waves. The
slower body vibrations are shear waves,
which are similar to the waves on a vi-
brating string; they are called S (for
shear or secondary) waves. An under-
ground explosion is a source of nearly
pure P waves because it applies a uni-
form pressure to the walls of the cavity
it creates. An earthquake, on the other
hand, is generated when two blocks of
the earth’s crust rapidly slide past each
other along the plane of a fault. Because
of this shearing motion an earthquake
radiates predominantly S waves.

A result of the spherical symmetry of
the explosion source is that all the seis-
mic waves it.generates have a nearly ra-
dial symmetry around the focus of the
explosion. In contrast, the highly direc-
tional character of an earthquake source
gives rise to seismic waves with strong-
ly asymmetric patterns. The asymmetry
in the amplitude of the waves received
at seismometers throughout the world
provides the means whereby seismolo-
gists can determine the faulting mech-
anism of a given earthquake.

In addition to the P and S body waves
there are also two types of seismic waves
that propagate only over the surface
of the earth. They are called Rayleigh
waves and Love waves, and they result
from complex reflections of part of the
body-wave energy in the upper layers of
the earth’s crust. A simple explosion can
generate Rayleigh waves but not Love
waves, whereas an earthquake generates
waves of both types.

Seismologists characterize the size of
a seismic event by means of magnitudes.
A given event can be assigned several
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magnitudes, each one based on a differ-
ent kind of seismic wave. A magnitude is
the logarithm of the amplitude of a par-
ticular type of wave normalized for dis-
tance and depth of focus. Of the numer-
ous magnitudes that can be defined for
a single seismic event we shall discuss
only two, which in seismological no-
tation are designated Mg and my. The
former is generally based on Rayleigh
waves with a period of 20 seconds, the
latter on one-second P waves. The mag-
nitude of a seismic signal is ultimately
related to the energy released at the site
of the event. For a nuclear explosion the
customary measure of energy release is
the yield in kilotons, where one kilo-
ton is the energy released by detonating
1,000 tons of TNT.

Every year there are numerous earth-
quakes whose magnitudes are in the
range corresponding to the yields of un-
derground explosions. Several methods
can be applied to several types of waves
to distinguish the seismic waves of ex-
plosions from those of earthquakes. The
location of a seismic event and its depth
below the surface are important criteria;
indeed, the great majority of routine-
ly detected events can be classified as
earthquakes simply because they are ei-
ther too deep or not at a plausible site
for an explosion. The remaining events
can be reliably classified by the amount
of energy radiated in the several kinds
of waves at various frequencies.

The location of an event in latitude
and longitude is a powerful tool for clas-
sification. The position is determined by
recording the arrival time of short-peri-
od Pwaves at several seismographic sta-
tions in various parts of the world. The
travel time of the P waves to each sta-
tion is a function of distance and depth
of focus. From the arrival times it is
possible to determine the location of the
source with an absolute error of less
than 10 to 25 kilometers if the seismic
data are of high quality.

The identification of seismic events at
sea is quite simple. It is assumed that the
network monitoring a test-ban treaty
would include a small number of sim-
ple hydroacoustic stations around the
shores of the oceans and on a few crit-
ical islands to measure pressure waves
in seawater. The hydroacoustic signal of
an underwater explosion is so different

NUCLEAR TESTS CONTINUE to be car-
ried out at a rate of about 50 per year, prin-
cipally by the two leading nuclear-weapons
powers: the U.S. and the U.S.S.R. As this bar
chart shows, the main effect of the Limited
Test Ban Treaty of 1963 (broken vertical line)
was not to reduce the number of test explo-
sions but merely to drive most of them under-
ground. Nuclear test explosions in the atmos-
phere and underwater are represented by col-
ored bars, those underground by gray bars.



from that of an earthquake and can be
detected at such long range that the
identification of a seismic event at sea as
an explosion or an earthquake is simple
and positive. Hence any event whose
calculated position is at least 25 kilome-
ters at sea (a margin allowing for errors)
can be classified as an earthquake on
the basis of its location and the charac-
ter of its hydroacoustic signal.

The accuracy with which the position
of a seismic event can be determined in
an area offshore of an island arc has
been tested with an array of ocean-bot-
tom seismometers off the Kamchatka
Peninsula and the Kurile Islands in the
U.S.S.R. The tests indicate that the ac-
curacy of a seismic network under these
circumstances is much better than 25
kilometers. Holding to that standard,
however, one finds that well over half
of the world’s seismic events are defi-
nitely at sea and are therefore easily
identified as earthquakes.

Another large group of detected
events have their epicenters on land but
in regions where no nuclear explosions
are to be expected; these events too can
be safely classified as earthquakes. In-
deed, almost all the world’s seismic ac-
tivity is in regions that are of no concern
for monitoring compliance with a com-
prehensive test ban. Thus the simple
act of locating seismic events classifies
most of them as earthquakes.

Calculating the depth of focus pro-
vides a means of identifying a large
fraction of the remaining earthquakes.
From 55 to 60 percent of the world’s
earthquakes are at depths of more than
30 kilometers; at least 90 percent are
more than 10 kilometers deep. Any seis-
mic event as deep as 15 kilometers is
certainly an earthquake. No one has yet
drilled into the earth’s crust as far down
as 10 kilometers, and the deepest nucle-
ar explosions have been at a depth of
about two kilometers.

Several seismological procedures can
be employed to determine an event’s
depth of focus. In most cases the depth is
calculated at the same time as the loca-
tion. When a seismic event is detected at
20 stations or more, aroutinely calculat-
ed depth of 30 kilometers or more en-
sures with a 95 percent degree of confi-
dence that the event was at least 15 kilo-
meters below the surface.

A powerful technique for estimating
depth can be applied if at least one seis-
mological station is within a few hun-
dred kilometers of the detected event.
(A monitoring network for a compre-
hensive test ban would be quite likely to
meet this condition in areas where nu-
clear testing might be expected.) A pair
of P and S waves generated at the same
instant and recorded by a station near
the event follow identical paths but
propagate at different speeds. The dif-
ference in their times of arrival, or in
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FOUR TYPES OF SEISMIC WAVE are illustrated. The two waves at the top propagate
through the solid body of the earth; the two at the bottom propagate only near the surface. The
compressional body waves called P (for primary) waves travel fastest and are the first ones to
arrive at a seismometer; they are the predominant type of body wave produced by an under-
ground explosion. The slower body waves called S (for shear or secondary) waves vibrate in a
plane transverse to their direction of propagation; they are the predominant type of body wave
produced by an earthquake. The surface waves called Rayleigh waves and Love waves result
from complex reflections of the P and S body waves in the upper layers of the earth’s crust.

other words the difference in their phas-
es, therefore serves to determine the
time of origin of the event. With experi-
ence the seismograms of a station near
the event can be successfully analyzed
to detect at least one pair of such Pand S
phases. Given the time of origin deter-
mined in this way and the arrival times
of the P waves at only a few distant
receivers, an accurate estimate of the
depth of focus can be made.

There may remain critical seismic re-
gions where nearby stations do not exist.
Data from large events can then be em-
ployed to refine the calculated depth
and location of smaller events. The es-
sence of the technique is to correct the
observed times of small events by noting
the differences between the observed
and the calculated times for a large
event in the same area. The procedure is
in routine use by several networks.

The combined effectiveness of loca-
tion and depth in distinguishing earth-
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quakes from explosions is impressive.
More than 90 percent of all earthquakes
either are under oceans or are at least 30
kilometers deep (or both). Most of the
remaining earthquakes are of little inter-
est because they are in countries that are
unlikely to be testing nuclear weapons
or in countries where clandestine testing
would be impossible. For the U.S., of
course, the U.S.S.R. is the country of
prime interest. About 75 percent of the
earthquakes in and near the U.S.S.R. are
in the eastern part of the country near
the Kamchatka Peninsula and the Ku-
rile Islands. Almost all of the shocks in
these areas either have a focal depth
greater than 50 kilometers or are well
offshore. It turns out that seismic events
whose calculated position is on land in
the U.S.S.R. or less than 25 kilometers at
sea and whose calculated depth is less
than 50 kilometers constitute only about
.5 percent of the world’s earthquakes.
This amounts to about 100 earthquakes
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PATHS OF SEISMIC WAYVES are traced on a cross section of the earth. Body waves from an
earthquake or an explosion travel through the crust and mantle along the curved paths labeled
P, S, pP and pS. A pP wave is a compressional wave that is produced by the reflection of a P
wave from the surface of the earth just above an earthquake or an explosion; a pS wave is a
shear wave that results from the conversion of part of the compressional energy of an upward
P wave into transverse energy as the P wave is reflected from the surface. Surface waves such
as Rayleigh waves and Love waves diminish rapidly in amplitude with increasing depth. The
hypocenter is the focal point of an earthquake or an underground explosion from which the
waves radiate. The epicenter is the point on the earth’s surface directly over the hypocenter.

per year with an my magnitude greater
than 3.8 for which other seismic dis-
criminants must be employed.

None of the measures we have dis-
cussed so far relies on the detailed char-
acteristics of the waves radiated by
earthquakes and explosions. Several
powerful discriminants are based on
those characteristics, in particular on
the relative amounts of energy in waves
of different types and periods. For ex-
ample, a shallow earthquake generates
20-second Rayleigh waves with ampli-
tudes at least several times greater than
those of an explosion that releases the
same amount of energy. In the notation-
al practice of seismology the compari-
son of the two magnitudes is referred to
as the Mg:my ratio, that is, the ratio
of long-period to short-period waves.

second spectral discriminant is

based on the observation that long-
period P and S waves are rarely or nev-
er seen in association with explosions
but one type or the other is routinely
detected today by simple seismometers
for most earthquakes that have a one-
second P-wave magnitude of at least
4.5. More sophisticated seismic stations
and more sophisticated analysis of the
signals could lower the magnitude at
which such waves can be detected.

A third distinction is that surface
waves of the Love type are generated far
more strongly by shallow earthquakes
than they are by underground explo-
sions, including even abnormal explo-
sions. Still another characteristic feature
of the seismic signal from explosions is
that the first motion of the earth stimu-
lated by P waves is always upward be-
cause the explosion itself is directed
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outward; the first P-wave motion in
an earthquake can be either upward or
downward.

An important factor contributing to
the separation of earthquakes from ex-
plosions on an Mg: my diagram is that P
waves from the two kinds of events have
different radiation patterns. Explosions
radiate short-period P waves equally in
all directions, whereas earthquakes have
very asymmetric patterns. Hence most
earthquake sources show a decrease of
from .4 to one magnitude unit from the
peak values when the P-wave ampli-
tudes are averaged over pertinent radia-
tion angles. A simple explosion does not
initially radiate any shear waves; earth-
quakes typically generate large shear
waves. As a result Rayleigh waves gen-
erated by many types of earthquakes
have a larger amplitude than the corre-
sponding waves generated by under-
ground explosions of the same my,

There is a characteristic time for the
formation of the source of a seismic
event; the time is equal to the maxi-
mum source dimension divided
by the velocity of source formation. The
source dimension for earthquakes is
the length of the break where most of
the short-period energy is released; it is
from three to 20 times greater, depend-
ing on the state of stress in the rocks,
than the radius of the cavity and shatter
zone of a comparable explosion. The
velocity of source formation for earth-
quakes is from somewhat less to much
less than the velocity of shear waves in
the rocks surrounding the fault, where-
as the relevant velocity for explosions
is the velocity of shock waves in the
rock, which is essentially the velocity
of compressional waves. As a result

© 1982 SCIENTIFIC AMERICAN, INC

of these differences in the size of the
source and the velocity of source forma-
tion the characteristic times for earth-
quakes and explosions differ by a factor
of from six to 40. It is therefore not sur-
prising that differences are observed be-
tween the short-period P-wave spectra
of earthquakes and explosions.

Observations of several U.S. explo-
sions have demonstrated the existence
of a phenomenon called overshoot. It is
related to shock waves in strong rock,
but it can be thought of as the equivalent
of cavity pressure rising to high values
followed by a decrease in pressure by a
factor of four or five; the lower pres-
sure is then maintained for many tens
of seconds. Overshoot, when it occurs,
provides additional P-wave spectral dis-
crimination and augments discrimina-
tion by means of the Mg: my ratio for
larger events.

It was once thought that an explosion
could not giverise to any Love waves
at all. A phenomenon that was of great
significance in thwarting President Ken-
nedy’s effort to achieve a comprehen-
sive test-ban treaty in 1963 was the ob-
servation that many underground nucle-
ar explosions at the U.S. testing site in
Nevada, particularly those in hard rock,
generated unmistakable Love waves.
The failure of the qualitative criterion
“No Love waves from explosions” (at
a time when such quantitative criteria
as the comparison of the magnitudes
of long-period and short-period waves
were not adequately established) left
seismologists unable to guarantee their
ability to distinguish the seismic waves
of underground explosions from those
of earthquakes.

The presence of Love waves in the
Nevada tests has since been explained.
What was not considered in the earlier
analyses was the influence of the natural
stressed state of the earth on the waves
generated by an explosion. The creation
of a cavity and its surrounding shatter
cone by an underground explosion leads
to the release of some of the natural
stress, which in turn generates seismic
waves equivalent to those of a small
earthquake, including Love waves. The
observed waves are a superposition of
the waves from the explosion and from
the release of the stress.

The release of natural stress also al-
ters the amplitude of Rayleigh waves.
The perturbation has never been large
enough, however, to put in doubt the
nature of an event identified by the ratio
of long-period to short-period waves.
Only rarely does the perturbation signif-
icantly affect the amplitude of P waves;
it is not known ever to have changed the
direction of their first motion. More-
over, if the magnitude Mg is determined
from Love waves rather than Rayleigh
waves, the ratio method (Mg: my) pro-
vides an excellent discriminant.



In short, if seismologists had done
their homework thoroughly by 1963,
the nations of the world might well have
achieved a comprehensive test-ban trea-
ty then. Today the release of natural
stresses in the earth is significant only as
a perturbing factor that must be taken
into account when the yield of an explo-
sion is estimated from Rayleigh waves.

Reports that earthquakes occasional-
ly have Mg: my values like those of ex-
plosions have been cited as a factor that
might impede the effective monitoring
of a comprehensive test ban. In analyz-
ing a large set of earthquakes in all parts
of the world and of underground explo-
sions in the U.S. and the U.S.S.R. we
found only one example of this kind of
ambiguity. The focus of the event was
far from the area in which the seismom-
eter network gave its best results.

In 1972, at a meeting of the UN Com-
mittee on Disarmament, the U.S. sub-
mitted a list of 25 “anomalous” events
that were said to be indicative of a prob-
lem in discrimination. In 1976 the 25
events were reanalyzed by one of us
(Sykes) and two other seismologists,
Robert Tathum and Donald Forsythe. It
was established that about half of the
events had Mg: my, values that put them
clearly in the earthquake population.
Most of the original magnitudes had
been determined from only one or two
stations, and much existing informa-
tion had not even been consulted. When

the records of other available stations
were examined, the events ceased to
be “anomalous.”

For the remaining problem events
Mg my measurements based on 20-sec-
ond Rayleigh waves gave values in the
range characteristic of explosions. Sev-
eral of these events were at depths of
from 25 to 50 kilometers, where the pos-
sibility of nuclear testing can be exclud-
ed in any case, but the magnitude ratio
nonetheless demanded explanation. It is
known from seismological theory that
certain types of earthquakes at these
depths excite long-period Rayleigh
waves poorly. The theory predicts, how-
ever, that Love waves and vibrations
called higher-mode Rayleigh waves are
in many instances vigorously generated
in these circumstances. An analysis of
recordings of the Love waves and the
higher-mode Rayleigh waves identified
several more of the problem events as
earthquakes.

Only a single sequence of events at
one place in Tibet remained as a prob-
lem. In that region underground nuclear
testing is unlikely, but the nature of the
events could not be determined with cer-
tainty from the magnitude ratios. We
think the reason is that with the seismo-
graphic networks of the 1960’s, when
the events were recorded, Love waves
could not be detected for small-magni-
tude events because they were obscured
by background earth noise. New instal-

lations and new modes of data process-
ing have greatly reduced the problem. If
the same series of events or a similar
series were to take place today, we think
they would be identified unambiguous-
ly. Long-period seismographs in bore-
holes and routine digital processing of
seismograms lead to a suppression of
background noise and increase the de-
tectability of many types of waves, in-
cluding Love waves.

As it happened, the nature of the Ti-
betan problem sequence was resolved in
spite of the inadequacies of the long-pe-
riod data of the time. At several stations
the first motion of the P waves was
downward, which is not possible for an
explosion. Hence the events must have
been small earthquakes.

It seems reasonable to say that for the
networks we shall describe below there
should no longer be any problem events
at my, 4 or more. We know of no Eur-
asian earthquake with a one-second P-
wave magnitude of 4 or more in the past
20 years whose waves are classified as
those of an explosion. (Of course, nu-
merous smaller Eurasian earthquakes
during that period went unidentified be-
cause of inadequate data.) Furthermore,
to our knowledge not one out of sever-
al hundred underground nuclear explo-
sions set off in the same period radiated
seismic waves that could be mistaken
for those of an earthquake. Our experi-
ence indicates an extremely low proba-
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RADIATION PATTERNS of the P waves resulting from an under-
ground explosion (/ef?) and an earthquake (right) are compared. The
first motion of the P waves from an explosion is uniformly outward
and hence is generally observed as an upward displacement at all seis-
mic stations. The first motion of the P waves from an earthquake is
outward in some directions and inward in others; the pattern of the
waves at the surface depends on the orientation of the plane of the

earthquake fault. In

the surface for both

spect to the surface
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the comparatively simple case of a vertical strike-

slip fault, shown here, the four-lobed radiation pattern observed at

P waves and Rayleigh waves is a simple projec-

tion of the three-dimensional P-wave configuration emanating from
the hypocenter of the earthquake. The radiation pattern of the Love
waves emitted by the same source is rotated by 45 degrees with re-

pattern of the P waves and the Rayleigh waves.

51



bility that an event will remain unidenti-
fied when all the available techniques of
discrimination are brought to bear.

No monitoring technology can offer
an absolute assurance that even the
smallest illicit explosion would be de-
tected. We presume that an ability to
detect and identify events whose seismic
magnitude is equivalent to an explosive
yield of about one kiloton would be ad-
equate. It is often assumed that for the
U.S. to subscribe to a comprehensive
test ban it would require 90 percent con-
fidence of detecting any violation by an-
other party to the treaty. Developing a
new nuclear weapon, however, general-
ly requires a series of tests, and the prob-
ability that at least one explosion will be
detected rises sharply as the number of
the tests is increased. Moreover, a 90
percent level of confidence for the detec-
tion of even a single explosion probably
is not needed. For a country seeking to
evade the treaty the expected probabili-
ty of detection would certainly have to
be less than 30 percent, and perhaps
much less, even if only one illicit test
were planned. The test-ban agreements
that have been considered over the years
all include an ‘“escape clause” through
which a country could renounce its trea-
ty obligations. Unless the probability
of detection were very low, a country
whose national interest seemed to de-
mand a resumption of testing would pre-
sumably invoke the escape clause rath-
er than risk being caught cheating.
Given these standards of reliability
for a monitoring system, it is possible to
specify the size and the sensitivity of the
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seismic network that would be needed to
verify compliance with a comprehen-
sive test ban. Two kinds of network can
be considered for maintaining seismic
surveillance of the U.S.S.R. One net-
work consists of 15 stations outside the
borders of the U.S.S.R. In the second
network the 15 external stations are sup-
plemented by 15 internal ones.

The ultimate limit on the detection of
seismic signals is imposed by micro-
seisms, or random vibrations of the
earth’s surface. Most microseisms are
induced by the earth’s atmosphere and
oceans. In order to detect a one-kiloton
explosion in much of the USS.R. a
monitoring network would have to be
able to recognize above the background
noise any event with a short-period P-
wave magnitude of 3.8 or more. In or-
der to distinguish an explosion from an
earthquake by comparing the long-peri-
od magnitude with the short-period one,
the network would also have to be able
to detect surface waves with an Mg mag-
nitude of 2.5 or more. The network of 15
external stations could achieve these
goals. Indeed, since almost all the seis-
mic areas of the U.S.S.R. are along its
borders, the external network would be
sensitive to events of even smaller mag-
nitude there. The mere detection of a
seismic event in most areas of the interi-
or would constitute identification of the
event as an explosion.

The lower limit of one kiloton on the
yield of an explosion that could be de-
tected by an external network is based
on the assumption that the coupling be-
tween the explosion and the seismic ra-
diation is efficient and that the explosion

1 MINUTE
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SEISMOGRAMS OF LONG-PERIOD WAVES from an earth-
quake in the Arctic near the U.S.S.R. (fop) and an underground nu-
clear explosion in the U.S.S.R. (botfom) were recorded at a seismic
station in Elath, Israel, roughly equidistant from the two events. The
short-period body waves generated by the two shocks were observed
to have almost the same magnitude. The magnitude of the long-peri-
od Rayleigh waves recorded in these traces, in contrast, is clearly
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was not set off during or soon after a
large earthquake. If one must consider
the possibility that a country would try
toevade a test-ban treaty by decoupling,
or muffling, an explosion and thereby
reducing the amplitude of the emitted
seismic signals, an improved network
would be required. In principle such
muffling could be done by detonating
the explosion in a large cavity or by
using energy-absorbing material in a
smaller cavity. The former stratagem
might reduce the seismic signal of an
explosion by 1.9 magnitude units as
measured by one-second P waves (that
is, by my). The latter stratagem might
bring a reduction of one unit.

The use of an oversize cavity is clearly
the more worrisome possibility, but it
could be attempted only in certain geo-
logic formations: a salt dome or a thick
sequence of bedded salt deposits. Few
areas of the U.S.S.R. have deposits of
salt in which the construction of a cavity
large enough for decoupling a several-
kiloton explosion would be possible.
The maximum size of a cavity that
could reasonably be constructed and
maintained sets a limit of two kilotons
on explosions that might be muffled in
this way and escape detection by the
15-station external network.

Another way to reduce the amplitude
of radiated seismic waves is by detonat-
ing an explosion in a low-coupling medi-
um such as dry alluvium. The maximum
thickness of dry alluvium in the U.S.S.R.
sets a limit of 10 kilotons on explosions
that might be concealed by this means,
again assuming that only the 15 exter-
nal stations were installed.
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SURFACE WAVES

much greater for the earthquake than it is for the explosion. The ra-
tio of long-period surface waves to short-period body waves has been
shown to be a reliable criterion for distinguishing the seismic waves
of earthquakes from those of explosions. In addition the P wave of
the explosion has more high-frequency energy than the P wave of
the earthquake. The S wave of the earthquake is large, whereas that
of the explosion is small and not easily identified in the seismogram.



Another possible drawback of an ex-
clusively external network should be
mentioned. Confusion could arise when
signals from two or more earthquakes
reached a station simultaneously. The
effect would be most troublesome when
the long-period waves from a small
event in the U.S.S.R. arrived at the same
time as similar waves from a much larg-
er earthquake elsewhere in the world.
Under these circumstances it might be
difficult to establish with certainty by
comparing Mg with my, the identity of
the event in the U.S.S.R. With a network
of 15 external stations there would be a
few events per year in which the smaller
earthquake was in the territory of the
U.S.S.R. or within 25 kilometers of its
borders and at a depth of less than 50
kilometers.

monitoring network made up of 15

seismographic stations outside the
U.S.S.R. and 15 inside it would large-
ly eliminate the problem of coincident
earthquake signals and would greatly
reduce the maximum yield of an explo-
sion that might escape detection, even if
decoupling were attempted. The inter-
nal monitoring stations would be simple
unattended ones, with the capability of
measuring vertical ground motion and
two orthogonal components of horizon-
tal motion, so that the distance and di-
rection of a nearby event could be esti-
mated from the data of a single short-
range station. With such a network in
place, and assuming that muffling was
attempted in the presence of normal
earth noise, the largest explosion that
would have a 30 percent chance of es-
caping detection in any setting except a
salt dome would be .5 kiloton.

For salt domes the main area of con-
cern in the U.S.S.R. is the region north
of the Caspian Sea. Our hypothetical
network has three stations there. Even
a small explosion in a large salt-dome
cavity would emit certain Pand S waves
with an amplitude large enough to be
detected by nearby stations. Further-
more, detection by even one of the sta-
tions would immediately identify the
event as an explosion because the area
has no natural seismic activity. As a re-
sult evasion would not be likely to be
attempted at a yield greater than one
kiloton even in the salt-dome area.

A possible strategy for evasion that
has been mentioned from time to time is
the one of hiding the seismic signal of a
nuclear explosion in the signal of a large
earthquake, which might be near the site
of the explosion or far from it. For the
U.S.S.R. the only credible possibility is
a distant earthquake because the only
possible testing sites where earthquakes
are frequent enough to make the effort
worth while are on the Kamchatka Pe-
ninsula and in the Kurile Islands. Clan-
destine testing there is not likely because
seismic activity in the area can be moni-
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MAGNITUDE OF ONE-SECOND BODY WAVES (my)

CLEAR DISTINCTION between earthquakes and explosions is evident in this plot of the
magnitude of long-period surface waves (Mg) against that of short-period body waves (mp).
The 383 earthquakes represented by the black dots were compiled from a set of all the earth-
quakes recorded worldwide in a six-month period that had an m}, value of 4.5 or more and a
focal depth of less than 30 kilometers. (There are fewer dots than earthquakes because the
magnitudes of some of them coincided.) The colored squares designate underground explosions
in the U.S. and the colored crosses underground explosions in the U.S.S.R. Only one earthquake
falls within the explosion population, as defined by the straight line separating the two groups
of events. This single event, which had the smallest magnitude of any of the earthquakes in the
survey, took place in the southwest Pacific Ocean, a region where the sensitivity of the net-
work of seismic stations is poorer than it is in most of the Northern Hemisphere. The my, values
were adjusted to take into account regional variations in the amplitudes of short-period waves.
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EVENTS IDENTIFIED AS EARTHQUAKES

METHODS OF DISTINGUISHING earthquakes from explosions were tested by applying
the methods to all the earthquakes with a magnitude of 4.5 or more recorded during a 162-day
period in 1972. The sample consisted of 948 events. Many of them could be classified as earth-
quakes (rather than explosions) by their location or their depth. The remaining events could be
classified by comparing the magnitude of long-period surface waves with the magnitude of
short-period body waves (the ratio Mg:my). The sequence in which the tests were applied af-
fected the efficiency of the procedure, but all events were identified regardless of the sequence.
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tored in detail from stations in Japan
and the Aleutian Islands. Indeed, ocean-
bottom seismometers and hydroacous-
tic sensors could be placed just offshore.

The first defense against evasion by
the masking of a test in a large earth-
quake is the questionable feasibility of
the subterfuge. Unless the evader main-
tained several testing sites the number of
opportunities per year for clandestine
testing would be quite limited. In addi-
tion the evader would have to maintain
his weapons in constant readiness for
firing. To attain the evasion capability
given below he would have to set off an
explosion within 100 seconds of the time
of arrival of the short-period waves of
the earthquake. He would have to esti-
mate the maximum amplitude and the
decay rate of the earthquake waves with
high accuracy, and he would have to be
certain of the amplitude of the P waves
generated by the explosion to within .1
magnitude unit. Even after taking these
precautions the evader would have to
accept a high probability that the event
would be detected by at least one men-
itoring station and a small probability
that three stations would detect it. He
would also have to install and operate
his testing site (including a large cavity)
and his own seismological network in
total secrecy over a period of years.

In contrast to these daunting require-
ments for successful evasion, the only
requirements for a monitoring nation
are to operate a network of high-quality
seismic stations and to process the data
with determination. Against a network
of 15 external stations and 15 internal
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THRESHOLDS OF DETECTION for seismic events in the Eastern
Hemisphere are delineated by the two sets of contours drawn on this
pair of maps for a proposed network of 15 seismic stations established
outside the U.S.S.R. Colored dots give the location of 12 of the 15 sta-
tions; three others are off the maps. The number on each contour in-
dicates that an event of that magnitude or larger has at least a 90
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ones the only effective evasion schemes
at yields of one kiloton or more would
require both decoupling and hiding the
explosion signal in an earthquake.

he issues relating to the monitor-

ing of a comprehensive test ban can
be summarized as follows. The under-
standing of seismology and the testing
of seismometer networks are sufficient-
ly complete to ensure that compliance
with a treaty could be verified with a
high level of confidence. The only explo-
sions with a significant likelihood of es-
caping detection would be those of very
small yield: less than one kiloton provid-
ed the monitoring system includes sta-
tions in the U.S.S.R.

It is important to view the question of
yield in the context of the nuclear weap-
ons that have been tested up to now.
The ones that ushered in the nuclear
age in 1945 had a yield of from 15 to
20 kilotons. Yields increased rapidly to
the point where the U.S.S.R. tested
a 58,000-kiloton weapon in 1961. The
largest underground explosion had a
yield of almost 5,000 kilotons. Unclassi-
fied reports place the yield of the weap-
ons carried by intercontinental missiles
in the range from 40 to 9,000 kilotons.
The yields of underground explosions
that might go undetected or unidentified
under a comprehensive test ban are
therefore much smaller than those of
the first nuclear weapons. If the thresh-
old of reliable detection and identi-
fication is one kiloton, that is only
one-150th of the limit specified by the
Threshold Test Ban Treaty of 1976.
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From the viewpoint of verification a
comprehensive test ban would actually
establish the equivalent of a very low
threshold, since weapons of extremely
low yield could be tested underground
without the certainty of being detected
and identified. A treaty that imposed a
threshold near the limit of seismological
monitoring capability might therefore
be considered an alternative to a com-
prehensive test ban. Such a treaty might
be preferable to the present quite high
threshold, but it would have the dis-
advantage that arguments could arise
over the exact yield of tests made near
the threshold. Indeed, the judgment of
whether or not a test has taken place will
always be less equivocal than an exact
determination of yield.

In recent years there have been re-
ports that the U.S.S.R. may have repeat-
edly violated the 1976 treaty by testing
devices with a yield greater than the
150-kiloton limit. Such reputed viola-
tions were recently cited as evidence
that the threshold treaty, which has not
been ratified by the U.S. Senate, is not
verifiable and should be renegotiated.
On the basis of our analysis we conclude
that the reports are erroneous; they are
based on a miscalibration of one of the
curves that relates measured seismic
magnitude to explosive yield. When the
correct calibration is employed, it is ap-
parent that none of the Russian weapons
tests exceed 150 kilotons, although sev-
eral come close to it.

Observations at the Nevada Test Site
(NTS), where American nuclear-weap-
ons tests are held, indicate there are lin-
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percent probability of being detected by four or more stations. The
contours on the map at the left represent the detection thresholds for
short-period body waves and those on the map at the right the detec-
tion thresholds for long-period surface waves. On these maps and the
ones on the opposite page the only seismic noise taken into account
is the microseismic noise generated by the atmosphere and oceans.
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IMPROVED DETECTION THRESHOLDS for seismic events in
the Eastern Hemisphere are delineated by the two sets of contours
drawn on this pair of maps for a proposed network of 30 seismic sta-
tions: 15 outside the U.S.S.R. and 15 inside. For most of the U.S.S.R.
the effect of adding the 15 interior stations would be to lower the de-

ear correlations between the logarithm
of the explosive yield and the two mag-
nitude values, Mg and m,, for explo-
sions with yields greater than 100 kilo-
tons. When the measured Mg and m,
values of explosions at the Russian test
site near Semipalatinsk are inserted into
the NTS formulas, however, the result-
ing estimates of yield given by m, are
more than four times as great as those
given by Mg. For explosions in hard
rock at many test sites estimates of yield
based on the NTS Mg formula have
invariably agreed with actual yields,
whereas estimates based on the NTS my,
formula have sometimes been in drastic
disagreement with the actual yield.

A strong correlation has been found
between my, values measured at individ-
ual stations and P-wave travel times to
these stations. The U.S.S.R. routinely
publishes seismological bulletins that
include P-wave arrival times of earth-
quakes, and it is straightforward to in-
terpret the times for stations in central
Asia in terms of the expected pattern of
my, values near Semipalatinsk. From an
analysis of the P-wave signals it is pre-
dicted that the my, value for an explosion
at Semipalatinsk is 40 percent greater
than an equivalent explosion at NTS.
This is the same correction that must be
applied to the curve relating my, to yield
at NTS to make the m,, estimates of the
yield of Russian explosions consistent
with the Mg estimates. Thus two modes
of analysis lead to the conclusion that
there is an essentially universal relation
between Mg and yield whereas the curve
relating my to yield must be calibrated
for each test site.

A comprehensive treaty would have
an additional advantage over a low-
threshold treaty: all technological un-
certainties would work against the po-
tential evader. A country planning a sur-
reptitious nuclear test could not know
the exact seismic-detection capability of
other nations or the exact magnitude of
the seismic waves that would be gener-
ated by his test. A ban on nuclear explo-
sions of all sizes would also have the
important conceptual value that nucle-
ar weapons, no matter what their size,
would be recognized as inherently dif-
ferent from conventional weapons.

t is sobering to consider how the

state of the world would differ if a
full test ban had been achieved in 1963.
The number of nuclear weapons has
grown tremendously since then and is
now estimated at from 50,000 to 100,-
000. The loss of life and the social dam-
age that would be inflicted in a ma-
jor nuclear exchange are vastly greater
than they were in 1963. Furthermore,
both the U.S. and the U.S.S.R. are less
secure now than ever before, not be-
cause of any failure to develop arms but
because of the growing stockpiles of
weapons and the inability of any nation
to defend itself against nuclear attack.

A comprehensive test-ban agreement
should not be regarded as a substitute
for disarmament. Meaningful reduc-
tions in the nuclear threat must include a
continuing and serious process of arms
control; in this process, however, a com-
prehensive test-ban treaty could have an
important part. The problems of negoti-
ating such a treaty are overwhelmingly
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tection threshold for short-period body waves from a magnitude of
3.8 to one of 3.4 (left); the corresponding effect for long-period sur-
face waves would be to lower the detection threshold from a magni-
tude of 2.6 to one of 2.3 (right). The interior stations would also pro-
vide more accurate information on the focal depth of a seismic event.

political rather than technical and must
be recognized as such.

Before the suspension of negotiations
between the U.S., Britain and the
U.S.S.R. in 1980 tentative agreement
had been reached on a number of issues.
All three nations agreed that a test-ban
treaty would include a prohibition of
all tests of nuclear weapons in all en-
vironments, a moratorium on peaceful
nuclear explosions until arrangements
for undertaking them could be worked
out, provisions for on-site inspections,
a mechanism for the international ex-
change of seismic data and the installa-
tion of tamperproof seismic stations by
each country in the territory of the oth-
ers. The proposed treaty would have
a term of three years. The agreements
on the long-standing issues of on-site
inspection, peaceful explosions and
the placement of monitoring stations
in each country represented important
breakthroughs. It would be a setback for
the cause of international security if this
hard-won ground were now lost.

For many years the stated policy of
the U.S. has emphasized the desirability
of a complete test ban if verification
could be ensured. The policy was not
fundamentally altered by the recent de-
cision of the Reagan Administration to
put off further negotiations on the test
ban. On the contrary, it was reported
that the Administration still supports
the ultimate goal of a comprehensive
ban on nuclear testing but has doubts
about the efficacy and reliability of seis-
mic methods of verification. As we have
attempted to show here, there can be no
substance to such doubts.
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Calcium in Synaptic Transmission

A current of calcium rons triggers the passage of signals from

one nerve cell to another. The process is studied in a synapse

(a neuronal junction) hundreds of times a synapse’s usual size

ynapses are the sites at which neu-
S rons, or nerve cells, communicate
with one another. At an earlier
stage in the life of an organism they are
important in determining how the ner-
vous system develops. (Synapses form
at the tips of the fibers that sprout from
the body of a neuron.) It seems certain
that much of the brain’s ability to regen-
erate after injury and much of an organ-
ism’s ability to learn will ultimately be
explained in terms of the function of
synapses. Furthermore, it is becoming
clear that most of the diseases of the
brain and many psychiatric disordersre-
sult from a disruption of synaptic com-
munication or are associated with such a
disruption. The synapse is the weakest
link in brain activity: it is the first part of
aneuronal chain to be fatigued by a high
level of message transmission, and it is
the site of action for most of the drugs
that affect the brain, including addic-
tive substances as well as therapeutic
ones from aspirin to barbiturates. For
all these reasons a detailed understand-
ing of every aspect of synaptic transmis-
sion is essential if we are to understand
how the brain works and how the brain
can malfunction.

Here I shall be concerned in partic-
ular with the aspect of transmission
called depolarization-release coupling.
In synaptic transmission one neuron (the
presynaptic cell) releases a biological-
ly active substance (a neurotransmitter),
which evokes a response, either excita-
tory or inhibitory, in a second neuron
(the postsynaptic cell). The release of
the transmitter is in essence a process
of secretion, a process shared by cells
throughout the evolutionary sequence.
In virtually every known instance se-
cretion is accomplished by exocyto-
sis, a mechanism in which vesicles, or
membranous sacs, inside the cell fuse
with the membrane that surrounds the
cell. The fusion everts the contents of
the vesicles into the extracellular en-
vironment.

A neuron evidently releases neuro-
transmitter in the same way. The release
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is known to be stimulated when the
membrane of the presynaptic neuron at
the synapse loses its electrical polariza-
tion. The step in synaptic transmission
that concerns me here can be expressed,
then, by a question: How does the depo-
larization of the membrane lead to the
release of neurotransmitter, so that the
neuron can act on the next cell in the
neuronal chain? It turns out that the con-
nection between the electrical activity of
the cell and the release of neurotrans-
mitter is not direct; an essential interme-
diary is the calcium ion.

hen a neuron is at rest, there is an

electric potential, or voltage dif-
ference, of some 70 millivolts between
the inside of the cell and the outside. The
voltage is negative inside, and so the cell
membrane is said to have a polarization
of —70 millivolts. When the membrane
is depolarized, the voltage difference di-
minishes. Indeed, in the type of depolar-

PALLIOVISCERAL GANGLION
CEREBRAL GANGLION

OPTIC LOBE

MAGNOCELLULAR LOBE

ization called the action potential a re-
verse potential develops with a value of
from +10 to +30 millivolts. The rever-
sal persists for only about a millisecond.

The precise mechanism by which de-
polarization arises is inconsequential as
far as the subsequent release of neu-
rotransmitter is concerned. In neurons
such as sensory receptors that respond
to stimuli (a burst of sound, a touch on
the skin) impinging directly on the sur-
face of the cell, the depolarization is
caused by the energy of the stimulus it-
self. In such a neuron the depolarization
can be a subtle change in potential that
lasts for many seconds. In neurons in
the brain the depolarization is generally
caused by the signals each cell receives
at the synapses it makes with other neu-
rons. Here the depolarization is typical-
ly a rapid modulation in voltage that
lasts for only a few milliseconds. If it is
sufficiently great, it can induce the cell to
generate its own action potential. In ev-

STELLATE GANGLION

CHAIN OF GIANT NERVE CELLS on each side of the midline in the squid Loligo pealii
includes a giant synapse: a site of signaling from one nerve cell to another that is .7 millimeter
long, or several hundred times the size of a typical synapse. It is so large that it can be impaled
by several microelectrodes and still transmit signals while its potential (that is, its voltage) is re-

corded or even varied experimentally. Here the
shown in color. The first cell, the first-order gia

%hain of nerve cells that includes the synapse is

t neuron (green), is in the magnocellular lobe

of what amounts to the brain of the animal. The neuron gathers sensory data from organs such
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ery case, however, the effect of a wave
of depolarization arriving at the mem-
brane of the presynaptic terminal of a
neuron is the same: it causes transmitter
to be released.

Depolarization is nonetheless not suf-
ficient in itself to cause the release of
transmitter. In addition a supply of cal-
cium .ions must be present in the ex-
tracellular environment. Depolarization
seems to be the means by which an in-
ward current of calcium ions is induced
to flow through the membrane of the
presynaptic terminal. In this respect too
synaptic transmission resembles other
known secretory processes. In every se-
cretory process in which the test has
been made secretion is triggered by an
increase in the concentration of calcium
inside the secretory cell. The increase is
ihe result of the entry of calcium from
the external environment or of the re-
lease of calcium from internal stores. It
seems likely that in neurons the entering
calcium ions promote the fusion of spe-
cial intracellular vesicles (synaptic ves-
icles) into the presynaptic membrane.
The vesicles are stationed near the inner
surface of the membrane at the site of
transmitter release and are filled with
the transmitter substance.

Among the difficulties that arise in
attempts to advance our understanding
beyond these basic points, one problem
is implacable: synapses are small. So
far the only measuring technique fast
enough and precise enough to serve in
the study of events in a functioning syn-
apse is the recording of its electrical ac-
tivity. Yet the diameter of a presynaptic
terminal in most vertebrate and inverte-
brate species is typically from .1 micro-
meter to five micrometers. The micro-

electrode with which one can probe the
synapse’s electrical properties has a di-
ameter of about .5 micrometer. Piercing
the presynaptic terminal without dam-
aging the synapse is quite difficult, and
so is keeping the electrode in place as the
experiment proceeds.

Fortunately for the experimenter
some synapses are considerably larger
than the average. They include certain
synapses found in ganglia (clusters of
neurons) in mollusks and crustaceans
and the synapse between the neurons
called Mauthner cells in the brain stem
of fishes and some amphibians. The
Mauthner cells govern the movement of
the tail. Among large synapses, how-
ever, the most notable example is a giant
synapse of the squid. It is some 700 mi-
crometers long. Because of its size and
accessibility it has yielded most of what
is now known directly about the relation
of depolarization to the release of neu-
rotransmitter.

he presence of a giant synapse in the
squid was first reported in 1935 by
J. Z. Young of the Marine Biological
Association of the United Kingdom at
Plymouth. The synapse was included in
his description of a chain of giant nerve
cells in the squid; the chain consists of
three axons, or nerve fibers, and the neu-
ronal cell bodies from which they arise.
The axons’ diameters are so great that
some of them had been mistaken for
blood vessels; Young identified them as
nervous tissue on the basis of their abil-
ity to conduct an action potential. The
chains on each side of the squid’s body
are now known to govern the animal’s
flight response and capture of prey.
The first nerve cell in the chain is

called the first-order giant neuron. It is
in the magnocellular lobe, an assem-
blage of neurons in what amounts to the
animal’s brain. Its cell body is some 150
micrometers in diameter, which makes
it many times larger than the largest
nerve cells in the human brain. With its
extensive set of dendrites (tubular exten-
sions of the cell body) it is 800 microme-
ters long. By means of these dendrites
it gathers signals that originate in such
places as the eyes, the vestibular organs
and the tentacles. It is in effect a single-
cell computer that assesses danger to the
animal. The results of its calculations
are transmitted along the membrane of
its axon. As if to ensure the synchrony of
such signals, the axons of the first-order
giant neurons on each side of the body
fuse for a short distance at the midline.

The second cell in the chain, the sec-
ond-order giant neuron, is in the pal-
liovisceral ganglion behind the magno-
cellular lobe. The second-order cell is
100 micrometers in diameter. Its axon
curves through the ganglion on a trajec-
tory that directs it toward the squid’s
mantle. Along the curve it comes in con-
tact with the axon of the first-order giant
cell, which establishes a synapse with it.
Then the second-order axon continues
on to the center of the stellate gangli-
on, on the inner surface of the mantle.
There it broadens and divides into a set
of from eight to 10 terminal branches
that look like fingers radiating from
the palm of a hand. The branches vary
in size: the thinnest are 25 micrometers
in diameter and the thickest are twice
as big.

The third cell in the chain is actually a
set of hundreds of cells, each of which is
about 50 micrometers in diameter. The
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as the eyes and the tentacles, and it dispatches neural signals along its
axon (nerve fiber) to the palliovisceral ganglion. There the axon syn-
aptically contacts the axon emitted by the second cell in the chain,
the second-order giant neuron (red). In the stellate ganglion at the
flank of the animal’s mantle the second-order axon synaptically con-
tacts a set of third-order axons (blue) that trigger the mantle’s con-
traction. The contraction sends water jetting out of the animal’s fun-

nel, propelling the animal from danger. The synapse between the
second-order axon and the largest third-order axon, the one passing
almost rearward through the muscle tissue of the mantle near the mid-
line, is the giant synapse studied by the author and his colleagues. The
squid is shown about 1.5 times life size; the stellate ganglion on the
left side of the body (the ganglion enclosed in this drawing by a rec-
tangle) is further enlarged in the top illustration on the next page.
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IN THE STELLATE GANGLION the second-order axon (red) branches into a series of fin-
gerlike extensions. Each one is a presynaptic terminal: it makes synaptic contact with a third-
order axon (blue), which arises from the fusion of the axons emitted by several hundred neu-
rons in the ganglion. The largest third-order axon, shown leaving the ganglion toward the right
at the center of a bundle of smaller axons, forms the postsynaptic part of the giant synapse. Be-
yond the synapse the axon widens to .5 millimeter, or a hundred times the diameter of a typical
axon. The part of the giant synapse enclosed by the rectangle is enlarged in the illustration below.

cells are organized into from eight to 10
sets, and in each set all the axons fuse to
form a single giant axon. Hence the stel-
late ganglion gives rise to from eight to
10 giant axons. The thinnest of them is
about 50 micrometers in diameter; it re-
ceives signals through a synapse with
the thinnest of the terminal branches of
the second-order axon, then it widens
somewhat and proceeds away from the
stellate ganglion to innervate muscle
tissue in the mantle near the ganglion.
The thickest of the third-order axons is
about 200 micrometers in diameter; it

receives signals through a synapse with
the thickest of the terminal branches of
the second-order axon, then it widens to
a diameter of about 500 micrometers
and extends to innervate muscle tissue
in the most distant part of the mantle.
The other third-order axons have inter-
mediate destinations.

The rudiments of how this network
functions can be inferred from its struc-
ture. When stimuli reaching the first-
order neuron exceed some threshold
that signifies alarm, the cell activates the
second-order axon, which in turn pro-

GIANT SYNAPSE is made up of two apposed membranes. The postsynaptic membrane of
the third-order axon has some 5,000 spiny extensions. They face the presynaptic membrane.
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duces a synchronous excitation in all
the third-order axons. The speed with
which a wave of depolarization propa-
gates along a nerve fiber depends on the
diameter of the fiber; since the longest
of the third-order axons are also the
thickest, the synchronization of the sig-
nals is preserved and all the muscles
of the mantle contract simultaneously.
The contraction forces the water in the
mantle out through the funnel near the
head of the animal. Thus the squid can
escape from danger by jet propulsion.

The giant synapse we have studied is
the one between the second-order axon
and the largest third-order axon. When
the synapse is examined in detail, it is
found that the membrane of the presyn-
aptic terminal (the second-order axon)
is smooth. In contrast, the membrane
of the postsynaptic terminal (the third-
order axon) has multiple branchings
that divide repeatedly and end as a net
of thorn-shaped extensions. In the giant
synapse as many as 5,000 such exten-
sions face the presynaptic membrane.
This structure is unusual. In a typi-
cal synapse the postsynaptic terminal is
smooth, whereas the presynaptic termi-
nal consists of protuberances at the end
of an axon that are called synaptic bou-
tons (from the French word for button).

Nevertheless, a microscopic examina-
tion of the places in the giant synapse
where the presynaptic membrane abuts
a postsynaptic thorn shows morphology
quite typical of a synapse. Inside the pre-
synaptic terminal at such places there
are synaptic vesicles and two other in-
tracellular structures that are notably
abundant at synapses: mitochondria, the
organelles that make energy available
to the cell, and subcysternal systems,
which consist of folds of intracellular
membrane. (The function of the latter is
not known.) In the same areas the post-
synaptic thorn has a thickened mem-
brane, which is recognized in the typical
synapse to be the site where receptors
are found. The receptors are molecules
embedded in the postsynaptic mem-
brane that react with arriving molecules
of neurotransmitter.

It was in the giant synapse of the squid
that it was first demonstrated directly
that the transmission of a neural signal
across the synapse requires the release
of a transmitter substance. This inter-
mediate chemical step (first proposed in
the course of research on the union
between nerve and muscle) was estab-
lished in the 1950’s and the early 1960’s
through a number of studies by Theo-
dore H. Bullock, Susumu Hagiwara,
Ichiji Tasaki, Noriko and Akira Take-
uchi, Ricardo Miledi and C. R. Slater.
The studies capitalized on the size of the
giant synapse: the workers were able to
position the tip of a microelectrode in
the presynaptic terminal and the tip of a
second microelectrode in the postsynap-



tic axon so that the voltage across the
membrane of each terminal could be re-
corded simultaneously. In addition the
workers could vary the concentration of
ions or drugs in the solution in which
they had isolated the synapse (along
with a few centimeters of the second-
order and third-order axons). Thus they
could study the role of the ions and the
action of the drugs.

It emerged from the various studies
that when an action potential propagat-
ing along the second-order axon reaches
the presynaptic terminal, it causes a de-
polarization of the postsynaptic axon
after a delay of about a millisecond.
On the other hand, an action potential at
the postsynaptic terminal (induced by
electrical stimulation of the third-order
axon) has no effect on the presynaptic
terminal. It further emerged that the de-
gree of postsynaptic depolarization in-
creases with the amplitude and the dura-
tion of the presynaptic action potential.
Yet the presynaptic action potential be-
comes incapable of causing postsynap-
tic depolarization if all the calcium is
removed from the solution in which the
synapse is bathed. The combination of
all these findings (showing, among other
things, synaptic delay and unidirection-
ality) was strong evidence that signals
are not transmitted electrically across
the giant synapse. They are carried by a
chemical messenger.

In 1966 Bernard Katz and Miledi,
working at the Zoological Station in Na-
ples, and two groups working at the Ma-
rine Biological Laboratory in Woods
Hole, Mass.,, one group consisting of
Kiyoshi Kusano, D. R. Livengood and
Robert Werman and the other of James
R. Bloedel, Peter W. Gage, David M. J.
Quastel and me, made a further discov-
ery. Signal transmission across the giant
synapse does not require the arrival of a
presynaptic action potential. It requires
only that the presynaptic terminal be de-
polarized, which can be accomplished
not only by an action potential but also
by passing an electric current into the
terminal through a microelectrode that
impales it. The discovery was significant
because it separated the mechanism of
electrical excitability responsible for the
action potential from the mechanism re-
sponsible for the release of transmitter
from the presynaptic terminal.

The amount of transmitter released
by the presynaptic terminal under artifi-
cial stimulation turned out to depend in
a curious way on the degree of presyn-
aptic depolarization. A slight depolar-
ization of the presynaptic membrane
causes a small postsynaptic depolariza-
tion; hence one infers that a relatively
small amount of transmitter is released
from the presynaptic terminal. A larg-
er presynaptic depolarization leads to a
larger response, but only up to a point:
the response decreases if the presynaptic
depolarization is greater than 60 milli-

ELECTRON MICROGRAPH of the giant synapse suggests how it transmits signals. The pre-
synaptic terminal of the synapse is at the bottom; it is abutted by two bulbous protrusions aris-
ing from a single spiny extension of the postsynaptic axon. Inside the presynaptic terminal at
the places of abutment are accumulations of saclike organelles. They are synaptic vesicles,
which are thought to contain a neurotransmitter: a substance released by the presynaptic ter-
minal that acts on the membrane of the postsynaptic terminal. The signaling is thus a secretory
process. The electron micrograph was made at an enlargement of 74,000 diameters by David
W. Pumplin of the University of Maryland at Baltimore School of Medicine and Thomas S.
Reese of the National Institute of Neurological and Communicative Disorders and Stroke.

volts with respect to its resting value
of —70 millivolts, or in other words if
the presynaptic potential attains a val-
ue more positive than — 10 millivolts. If
the presynaptic depolarization is great
enough, so that the presynaptic poten-
tial becomes greater than +100 milli-
volts, the postsynaptic response can ac-
tually disappear. Even then, however,
brief synaptic transmission is detected
at the end of the experimental pulse as
the presynaptic potential returns to its
resting value.

These observations were interpreted
in terms of the effect of depolarization
on the flow of calcium ions. When the
neuron is in its resting state, the mem-
brane is impermeable to calcium ions,
which have a much higher concentra-
tion outside the cell than inside. Depo-
larization evidently opens channels in
the membrane that allow calcium ions
to pass; as a result the ions flow inward,
propelled by the electromotive force
arising from what remains of the elec-
tric potential across the membrane as
well as the lesser concentration of calci-
um inside the terminal. If the depolar-
ization is sufficiently strong, however,
the influx of ions is opposed by electrical
forces. The calcium ion carries two posi-
tive electric charges, and when the in-
terior of the cell becomes electrically
positive, the ions are repelled. Thus
even though the membrane channels are
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opened by the depolarization, the calci-
um ions cannot enter the cell and neuro-
transmitter is not released. The degree
of presynaptic depolarization at which
synaptic transmission is abolished was
named the suppression potential, and
the postsynaptic response at the end of
a pulse was named the off postsynap-
tic potential.

he early results of the study of the

giant synapse lent support, then, to
the hypothesis, first proposed by Katz,
that calcium triggers the release of neu-
rotransmitter. Still, the calcium hypoth-
esis came of age only when the results
of three further lines of investigation
became known in the late 1960’s and
early 1970’s.

First, Katz and Miledi demonstrated
that calcium ions are capable of gener-
ating action potentials, but only at the
presynaptic terminal, and that these ac-
tion potentials are accompanied by the
release of transmitter. In particular they
demonstrated that if the ability of the
presynaptic membrane to pass sodium
and potassium ions is blocked by drugs,
action potentials can nonetheless be de-
tected along with a subsequent postsyn-
aptic depolarization. What modulates
the voltage across the membrane of a
neuron as an action potential propa-
gates is the redistribution of ions and
hence of electric charge between the in-
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NORMAL ELECTRICAL ACTIVITY at the giant synapse resembles the activity at synapses
in all vertebrate and invertebrate animals. When the electric potential across the membrane of
the presynaptic terminal is altered from its resting value of —70 millivolts by a spike of voltage
called an action potential, which is transmitted along the length of the second-order axon, the
presynaptic terminal releases neurotransmitter. The arrival of the transmitter at the postsynap-
tic terminal alters the permeability of the postsynaptic membrane to ions. The resulting ionic
current through the membrane stimulates the postsynaptic terminal to develop a voltage spike.
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VOLTAGE-CLAMP CIRCUITRY imposes a predetermined pattern of voltage on the pre-
synaptic terminal or the postsynaptic terminal or both of them. One microelectrode monitors
the voltage across the membrane of the presynaptic terminal. Its measurements serve as feed-
back for a second microelectrode, which injects current into the terminal. Instruments monitor
the amount of current injected to give the terminal a “clamped” voltage, set by a pulse gener-
ator or a computer. A similar method clamps the postsynaptic terminal at its resting potential.
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terior of the cell and the extracellular
environment. Sodium ions flow in; then
potassium ions flow out. The action po-
tentials Katz and Miledi detected must
have depended entirely on the passage
of calcium ions. From their results they
inferred that the presynaptic membrane
has calcium channels. The action poten-
tials were abolished when calcium was
removed from the bathing solution.

Second, Miledi did a much simpler
experiment. He showed that in the ab-
sence of extracellular calcium the mere
injection of calcium ions into the pre-
synaptic terminal causes a postsynaptic
depolarization. Therefore the injected
calcium must have caused transmitter to
be released.

The third line of work was done by
John R. Blinks, Charles Nicholson and
me. We showed that if the presynaptic
terminal is filled with aequorin, a pro-
tein that emits light when it is exposed to
calcium, light can be detected in the pre-
synaptic terminal during normal synap-
tic transmission. It follows that the con-
centration of calcium in the terminal
increases at such times. A further ex-
periment by Nicholson and me showed
that the light signals synaptic events
quite faithfully. For example, when we
applied a suppression potential to the
presynaptic terminal, we failed to detect
light during the depolarizing pulse. We
did detect light when we stopped the
pulse and the postsynaptic terminal re-
sponded with an off potential. This dem-
onstrated that the suppression of trans-
mission is indeed due specifically to a
suppression of the entry of calcium ions.

Beyond all doubt, then, calcium is the
agentthattriggerssynaptictransmis-
sion. Two points remained to be clari-
fied: the relation between depolarization
and the entry of calcium and the subse-
quent relation between the entry of cal-
cium and the release of transmitter.
With this in mind my colleagues and I
decided to make a change in our exper-
imental technique. In essence we had
been using a current clamp: we had in-
jected into the presynaptic terminal a
constant electric current and measured
the resulting presynaptic depolarization
(the changing voltage across the mem-
brane of the terminal). The membrane
has the electrical properties of resis-
tance and capacitance, that is, it resists
the flow of electric current and also
stores electric charge, causing a delay
in its response to a current pulse. In gen-
eral, therefore, the procedure of cur-
rent clamping resembles the charging
of a capacitor in parallel with a resis-
tor and the measurement of the voltage
across the pair.

The difficulty with the current-clamp-
ing method is that the electrical proper-
ties of the membrane of a neuron are
more complex than those of a capacitor
in parallel with a resistor. Specifically,
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VOLTAGE-CLAMP EXPERIMENTS done by the author and his
colleagues subjected the presynaptic terminal of the giant synapse to
an artificial “step” in voltage (a). By means of drugs the terminal’s
membrane was made impermeable to all ions except calcium; thus
the current across the membrane (b) represented the flow of calcium
ions only. The current was measured by monitoring the current the
clamp circuitry injected to counteract the change in voltage that the
calcium current causes. In the graph at the left the voltage step is 30
millivolts. A small calcium current flows slowly into the presynaptic
terminal. The calcium influx causes neurotransmitter to be released,
a fact that can be inferred from the change in the potential of the post-
synaptic terminal (c). In the middle graph the voltage step is 52 milli-

volts. The calcium current increases faster and builds to a higher lev-
el; the postsynaptic response is also more pronounced, although it
does not begin until nearly a millisecond (arrows) after the onset of
the voltage step. In the graph at the right the voltage step is 130 milli-
volts. The calcium current is suppressed and so is the postsynaptic re-
sponse. At the end of the voltage step, however, a “tail current” of cal-
cium flows. The postsynaptic terminal responds in only .2 millisecond
(arrows). The data collected in voltage-clamp experiments yield a mod-
el of synaptic transmission: a mathematical description of how the
synapse responds to voltage. At the bottom of each panel the post-
synaptic potential (d) and the presynaptic calcium current (¢) result-
ing from the model are compared with the experimental data (dots).

the changing voltage across the mem-
brane can open channels that allow var-
ious kinds of ions (including calcium
ions) to enter and leave the neuron. In
short, the membrane’s conductivity to
ions is voltage-dependent. The move-
ments of ions (which constitute an elec-
tric current) cause further changes in the
voltage, which cause still further chang-
es in the membrane, and so on. The
most extreme result of this membrane
self-modulation is an action potential.
Learning the properties of the mem-
brane when it is actively changing its
voltage and no longer responding pas-
sively to experimental manipulation is
problematic. Yet the active properties
of the membrane are central to a nerve
cell’s functioning.

We determined, therefore, to end our

work with current-clamping and take
the opposite tack: we would employ the
voltage-clamp technique that Kenneth
S. Cole had devised at the Marine Bio-
logical Laboratory. A. L. Hodgkin and
A. F. Huxley of the University of Cam-
bridge had employed the technique to
elucidate (in the third-order giant axon
of the squid) the electrical events under-
lying the action potential. In the volt-
age-clamp technique a burst of current
drives the membrane of a neuron very
rapidly to a given level of depolariza-
tion. The level is then kept constant
(“clamped”) in spite of the movement of
ions through channels that have opened
in the membrane. The clamping is ac-
complished by an electronic feedback
circuit that varies the continuing injec-
tion of current.
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The voltage-clamp technique has two
advantages. First, the amount of cur-
rent injected when the clamp is in ef-
fect must exactly balance the current
of ions; hence the metering of the ap-
plied current constitutes a measurement
of the ionic current. It is a measurement
that cannot otherwise be made, since the
microelectrodes record only voltages.
Second, the step in voltage that marks
the onset of the clamping is much faster
than the changes it induces in the struc-
ture of the membrane. This means the
clamp circuitry charges the membrane’s
capacitance well before ionic currents
have started to flow through membrane
channels. It follows that the ionic cur-
rents can be distinguished from the in-
jected current that merely gets stored in
the terminal; therefore we could hope
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RESULTS OF VOLTAGE-CLAMP EXPERIMENTS are summarized in these graphs. The
relation between the clamped value of the presynaptic voltage and the plateau level of the calci-
um current that flows into the presynaptic terminal (fop graph) is nonlinear: the current has its
maximum for a clamped voltage of about 60 millivolts, and it is negligible for clamping above
about 110 millivolts. On the other hand, the relation between the calcium current and the post-
synaptic response (bottom graph) is quite linear. Both axes in the bottom graph are logarithmic.
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in our further work with the giant syn-
apse to study the full time course of
changes in the presynaptic membrane’s
conductivity (or equivalently the open-
ing and closing of channels and the pas-
sage of ions through them) for a given
steady level of depolarization. Indeed,
we could hope to derive from measure-
ments of the current of calcium ions at
various levels of clamped depolariza-
tion a mathematical model of the pre-
synaptic calcium conductance, that is,
a mathematical expression that would
suggest how the membrane’s calcium
channels change in response to a chang-
ing pattern of voltage.

During the summers of 1975 through
1978 Kerry Walton and I did a series of
voltage-clamp experiments at the Ma-
rine Biological Laboratory. We blocked
the conductance of the presynaptic
membrane to sodium and potassium, so
that our measurements would represent
only the flow of calcium ions. We found
to our delight that the calcium current
was readily measured. It turns out that
the membrane’s conductivity to calcium
depends in a complex way on the level
of clamped depolarization.

Consider the time course of the cur-
rent. In response to a small step of depo-
larizing voltage the calcium current in-
creases quite slowly: it reaches a plateau
only after several milliseconds. In re-
sponse to a larger voltage step it attains
its plateau value in a fraction of a milli-
second. Consider also the amplitude of
the plateau. Almost no calcium current
is detected unless the voltage step is at
least 15 millivolts. For a larger step the
plateau amplitude is markedly greater.
For a step of 60 millivolts (which gives
the terminal membrane a clamped po-
tential of — 10 millivolts) the amplitude
is maximal. For still larger steps the am-
plitude decreases, a result that Katz and
Miledi’s discovery of the suppression
potential would lead one to expect. For
steps greater than 140 millivolts the cur-
rent is again quite small.

At the end of an episode of clamping
the presynaptic potential falls from its
clamped value back to the resting value
of —70 millivolts. The return to resting
potential (which can be accomplished
quickly by the voltage-clamp circuitry)
is accompanied by a second and distinc-
tive flow of calcium ions into the presyn-
aptic terminal. It is called the tail cur-
rent, and it has been observed for ions
other than calcium. It has no delay: it
starts as soon as the voltage step ends.

The tail current can be explained as
follows. Throughout the voltage step
the calcium channels in the presynaptic
membrane are open, and at the end of
the step they close. The closing of the
channels, however, is slower than the re-
turn of the potential to its resting value.
The channels therefore remain open
briefly after the potential has decayed,



at a time when the electromotive force
again is favorable for the entry of cal-
cium ions.

Doubtless the tail current is responsi-
ble for the release of transmitter that
causes the off postsynaptic response. It
is remarkable, then, that the off response
begins a mere 2 millisecond after the
tail current starts to flow. It is all the
more remarkable because the normal
postsynaptic response to the arrival of
an action potential at the presynaptic
terminal is delayed by as much as a mil-
lisecond. One must conclude that a large
part of the synaptic delay is due to the
time required for the calcium channels
to open when the presynaptic mem-
brane is first depolarized. The subse-
quent events in synaptic transmission
must be fast indeed. In particular, once
calcium ions have entered the presynap-
tic terminal they must act quite rapidly
to get transmitter released.

he next goal of our work was to de-

vise from our data a mathematical
description relating the calcium current
to any given pattern of voltage. To this
end we began a collaboration with Iz-
chak Z. Steinberg of the Weizmann In-
stitute of Science in Israel. The heart of
such a mathematical model is a descrip-
tion of how the calcium channels in the
membrane respond to depolarization.
The hypotheses with which Steinberg,
Walton and I began were similar to
those proposed by Hodgkin and Huxley
for sodium and potassium channels. We
assumed that a driving force arises from
the difference between the concentra-
tion of calcium ions inside the presyn-
aptic terminal and the concentration
outside it. We further assumed that an
increase in the presynaptic membrane’s
conductivity to calcium ions can be trig-
gered by voltage-dependent changes in
the structure of calcium channels that
cause them to open. One of the simplest
possibilities is that each channel consists
of a certain number of subunits and that
each subunit has two possible states, s
and s'. Probably each state corresponds
to a different shape. If all the subunits in
a channel are in the state s’ (the activat-
ed state), the channel is open; otherwise
it is closed. The probability that a sub-
unit will enter state s’ is determined by
the voltage across the membrane; the
greater the extent of depolarization is,
the more likely the subunit is to be ac-
tivated. One further assumption is that
the subunits do not interact with one an-
other but that each subunit changes its
shape independently.

From these assumptions (together
with the laws of thermodynamics) it is
possible to construct a family of equa-
tions expressing the time course of
the calcium current in response to a
clamped presynaptic voltage. The cur-
rent is proportional to the rate at which

ION

CALCIUM CHANNELS in the membrane of the presynaptic terminal must open in response
to a change in voltage in order for the calcium current to flow. The model of synaptic transmis-
sion devised by the author and his colleagues suggests that five independent changes in the
structure of each channel are needed to open it. Hence each channel may hypothetically be rep-
resented by a rosette consisting of five proteins each of which extends through the membrane.
The voltage must change the shape of all five proteins before calcium ions can enter. The mem-
brane of a neuron and its terminals consists itself of two layers of lipids (fatty molecules).

POSTSYNAPTIC
MEMBRANE

o
& o [o)

PRESYNAPTIC
MEMBRANE

CALCIUM _—
CHANNELS (?)

PRESYNAPTIC
CYTOPLASM

SMALL PARTICLES in the membrane of the presynaptic terminal may be the calcium chan-
nels. Particles in the postsynaptic membrane may be channels that open in response to the ar-
rival of transmitter molecules. The tissue shown in this scanning electron micrograph was fro-
zen, then cracked. The cracking characteristically splits a neuronal membrane down the middle
(that is, between its lipid layers). Each particle is thus embedded in the membrane. The elec-
tron micrograph was made by Pumplin and Reese at an enlargement of 105,000 diameters.
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ions flow through an open gate multi-
plied by the fraction of the gates that
are open. Each equation incorporates a
different assumption about the number
of subunits per gate. In the equation

that best matches the time course and -

voltage-dependence of the calcium cur-
rent we had measured in our voltage-
clamp experiments the number of sub-
units is five.

One hypothetical configuration for
the channel (a configuration offered in
the absence of any direct evidence) is a
set of five identical proteins, each one
spanning the thickness of the presynap-
tic membrane; the five protein mole-
cules might be arranged in the form of a
rosette. When all the proteins have the
shape s', they circumscribe a channel
that allows the entry of calcium ions.
Recently, however, the study of individ-
ual calcium channels by several inves-
tigators has suggested an alternative
configuration in which each channel is
circumscribed by a helix of proteins.

The voltage-clamp experiments show
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that the calcium current saturates, or
attains.a maximum value. Hence each
channel must be able to pass only a cer-
tain number of calcium ions per unit of
time regardless of the driving force. To
explain the saturation we assume that
each channel has an energy barrier. Per-
haps a part of each protein molecule juts
slightly into the channel and has a posi-
tive electric charge. Because the charge
would tend to repel an entering calci-
um ion the driving force would have
to “push” ions through the channel and
their rate of flow would have an upper
limit. The voltage-clamp experiments
also show that the falloff in calcium cur-
rent at the end of a voltage step is simply
an exponential decrease and not the
more gradual falloff that would indicate
a complex sequence of events. This find-
ing fits the hypothesis that a change in
the shape of only one subunit in an open
channel suffices to close it.

With a mathematical model for the
response of the calcium channels to a
given clamped level of voltage we could
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ARTIFICIAL ACTION POTENTIAL produced by the voltage-clamp circuitry is shown to
have effects on the giant synapse identical with those of a natural action potential. First a nat-
ural action potential (@) is recorded by a microelectrode positioned in the presynaptic terminal.
Normally it produces a postsynaptic action potential (b). Now, however, the postsynaptic ter-
minal is voltage-clamped at its resting potential. Under this circumstance the transmitter mol-
ecules arriving at the postsynaptic terminal open channels in the membrane and ions flow
through them, but the clamp circuitry injects current in precisely the right amount to keep the
net current zero and the voltage unaltered. The amount of current the clamp injects (¢) is there-
fore equal in time course and magnitude to the “synaptic current” through the postsynaptic
membrane. Next the membrane channels on both sides of the synapse that open in response to
a change in voltage (as opposed to the arrival of transmitter) are incapacitated by drugs, so that
they no longer pass sodium and potassium ions, the basis of a natural action potential. If the
presynaptic voltage-clamp circuitry delivers the voltage pattern of the action potential record-
ed earlier, the resulting synaptic current (d) has the same latency, amplitude and time course as
the one caused by natural events. If the postsynaptic terminal is then unclamped but the drugs
remain, the postsynaptic terminal responds to the artificial action potential by showing a pro-
longed change in voltage (¢). The change represents the passage of ions through transmitter-
dependent channels. Ordinarily the postsynaptic change in voltage serves to open the voltage-
dependent channels in the membrane, so that a postsynaptic action potential is generated.
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calculate the response of the channels to
an arriving action potential. We approx-
imated the action potential by a series of
incremental changes in voltage and then
we employed the model to predict the
calcium current that would result from
the succession of increments. We do
not know the number of calcium chan-
nels in the presynaptic membrane, nor
do we know the conductivity of an indi-
vidual channel, and so the model’s re-
sults could suggest not the actual magni-
tude of the calcium current but only its
time course and its relative magnitude.
Nevertheless, it appeared from the re-
sults that the calcium current starts to
flow at the end of the action potential
as the presynaptic voltage returns to its
resting level.

Our third goal was to relate the pre-
synaptic inflow of calcium to the
release of neurotransmitter. Since the
delay between the two events is only
some .2 millisecond, we hypothesized
that the calcium enters the presynap-
tic terminal quite near the site where
transmitter is released. We further sup-
posed the latter site would be marked in
electron micrographs by the presence of
synaptic vesicles.

Electron microscopy of the giant syn-
apse does indeed show “active zones.”
They are characterized by a gathering of
vesicles in the presynaptic terminal and
a thickening in the membrane of the
postsynaptic terminal. Scanning elec-
tron micrographs made by the freeze-
fracture method reveal additional struc-
ture. In the freeze-fracture technique a
section of tissue including the giant syn-
apse is frozen and then cracked. The tis-
sue tends to cleave down the middle
of either the presynaptic membrane or
the postsynaptic one. Under the elec-
tronmicroscopethefreeze-fracturespec-
imens show that the presynaptic mem-
brane at an active zone has embedded in
it as many as 1,500 small particles. We
hypothesize (with other investigators)
that they are the sites of calcium entry.

In order to incorporate into our model
the relation of calcium entry to trans-
mitter release we made some further as-
sumptions. They are again the simplest
possibilities. In the presynaptic terminal
we assume that calcium binds to a mole-
cule we call the fusion-promoting fac-
tor. In response to the binding a certain
part of the factor molecule enters an ac-
tive state by way of a first-order kinetic
reaction (a reaction whose overall rate
depends only on the concentration of a
single reactant, in this case the fusion-
promoting factor itself).

The activated fusion-promoting fac-
tor causes synaptic vesicles to fuse with
the presynaptic membrane so that they
release their content of neurotransmit-
ter. The rate of the reaction depends
only on the concentration of the activat-
ed factor. Then the activated factor re-



turns to an inactive state. Meanwhile the
neurotransmitter molecules are opening
channels in the postsynaptic membrane
so that ionic currents flow and the mem-
brane becomes depolarized. The mod-
el resulting from these assumptions
proved capable of reproducing the post-
synaptic responses we had measured in
the voltage-clamp experiments, includ-
ing the postsynaptic off potential at the
end of a presynaptic depolarization ex-
ceeding the suppression potential.

Thus far our voltage-clamp studies
had yielded a set of experimental results
amenable to a mathematical description
of the presynaptic calcium current and
its relation to the amplitude of the post-
synaptic potential. Ultimately, however,
the model must be tested against actual
measurements of the calcium current
during the course of an action potential.
In 1979 and 1980 the test was attempted.
In a series of experiments done by Mu-
tsuyuki Sugimori, Sanford M. Simon
and me at the Marine Biological Labora-
tory a presynaptic action potential and
the resulting postsynaptic action poten-
tial were recorded simultaneously in the
giant synapse. The recorded changes in
membrane potential were stored in the
memory of a digital computer. We then
employed the recorded signals in experi-
ments of a new kind.

As in the earlier voltage-clamp exper-
iments the voltage-dependent conduc-
tance of the membranes for sodium
and potassium was blocked chemically,
leaving the presynaptic membrane with
only its voltage-dependent conductance
for calcium and leaving the postsynaptic
membrane with only the ionic channels
that are opened by the arrival of trans-
mitter molecules. The new experiments
differed in that we no longer clamped
the presynaptic terminal at a constant
level of depolarization. Instead the am-
plifier and the microelectrode that inject
current into the presynaptic terminal
were driven by the presynaptic voltage
spike we had recorded earlier. In this
way we artificially imposed on the ter-
minal the voltage pattern of an action
potential even though the normal basis
of the action potential (the inward flow
of sodium ions and the outward flow of
potassium ions) was absent. The post-
synaptic response to the artificial action
potential was virtually identical with the
response to the natural voltage spike;
hence the artificial potential caused the
release of transmitter from the presyn-
aptic terminal with an identical ampli-
tude and delay.

We felt justified, therefore, in thinking
that further measurements made when
ionic conduction was suppressed and
the presynaptic terminal was stimulated
by an artificial action potential would be
a valid representation of natural events.
Accordingly, we monitored the amount
of current the voltage-clamp circuitry
injected into the presynaptic terminal
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ROLE OF CALCIUM in synaptic transmission can be determined by means of the artificial
action potential because the artificial voltage spike can be applied while the flow of various
ions across the presynaptic membrane is being blocked pharmacologically. First the artificial
spike is applied while sodium and potassium are being blocked. On the scale of the graph only
the upshoot (@) and fall (b) of the spike are visible. The amount of current the clamp circuit
must supply to produce the spike is monitored; it represents the sum of the amount that changes
the voltage across the membrane in the absence of flows of sodium and potassium and the
amount that precisely offsets the unblocked flow of calcium. The experiment is repeated with
calcium also blocked. The difference between the two results corresponds to the calcium cur-
rent alone (c). One concludes that an action potential causes the release of neurotransmitter
from the presynaptic terminal by causing a current of calcium ions to enter the terminal dur-
ing the falling phase of the voltage spike. The postsynaptic response to the transmitter (d) be-
gins soon after. The graph also shows the calcium current (¢) and the postsynaptic response
(f) predicted by the model of synaptic transmission devised by the author and his colleagues.

to make the artificial spike. Since sodi-
um and potassium currents were being
blocked, the injected current had two
components. Part of it depolarized the
membrane and thereby made up for the
absence of the sodium and potassium
currents; the rest exactly counterbal-
anced the calcium current that was flow-
ing unblocked through the membrane.
Next we chemically blocked the calci-
um current and repeated the experi-
ment. The difference between the two
results is the calcium current alone. It
compares closely with the calcium cur-
rent predicted by our model.

uite recently our results have been
Q confirmed by the work of Steven
J. Smith, Milton P. Charlton and Rob-
ert S. Zucker at the Marine Biologi-
cal Laboratory and that of Miledi and
Parker in Naples. The work employed
a dye that changes color in the presence
of calcium. The dye is injected into the
presynaptic terminal of the giant syn-
apse. Its change in color there suggests
a time course for the calcium current
much like the one we measured by volt-
age-clamping.

Many prospects are now before us.
For some years I have been tantalized
by the possibility that synaptic trans-
mission is a modified form of neuronal
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growth. For one thing, the concentration
of calcium in developing neural tissue
seems to control the rate at which a
growth cone, which is the growing tip of
an axon, adds new cell membrane to
its surface. Then too the membrane of
a growth cone has a voltage-dependent
conductance for calcium ions.

Perhaps the synaptic terminal can be
regarded as a modified growth cone
in which growth has been subdued, so
that there is no longer any permanent
increase in the area of the membrane.
In an embryonic neuron vesicles in a
growth cone might fuse with the growth-
cone membrane to increase the extent of
the membrane and give it newly minted
proteins. Later in the life of the organ-
ism the vesicles in the presynaptic termi-
nal that arises from the growth cone
would fuse with the membrane of the
terminal, evert their content of neuro-
transmitter and get taken back into the
terminal. (Such recycling was proposed
some years ago by John E. Heuser and
Thomas S. Reese.) The mechanism that
serves growth and plasticity in the devel-
oping nervous system would then come
to serve neuronal signaling. The under-
standing of the molecular processes un-
derlying this sequence of events holds
the highest promise in the search for the
ways of the brain.
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NEW VIEW OF A SPIRAL GALAXY was obtained by means of the microelectronic light
detector known as a charge-coupled device (CCD). A CCD sensor similar to the one used to re-
cord the image of the galaxy is shown enlarged about six diameters in the photograph at the
left; the microcircuit, which is constructed on a square chip of semiconducting silicon 10 milli-
meters on a side, has 250,000 pixels, or individual picture elements, in its imaging section (cen-
tral square area). The picture of the galaxy was made by first exposing three separate CCD
frames at the telescope through blue, green and red filters and then reading them out through a
set of identical filters onto color photographic film. A similar procedure can be followed with
a color-television monitor by having the data from the three CCD frames drive the set’s three
electron guns. Color composites of this type are particularly helpful for identifying astronomi-
cal objects or regions that differ in their temperature and hence in the wavelength of the light
they emit. Here, for example, the galaxy’s spiral arms, which include many hot young stars,
are bluer than the cooler dusty regions between the arms. One can also pick out a number of
foreground stars of various colors and at least one faint background galaxy (bluish oval at top
center). The CCD images were obtained with the aid of the 100-inch du Pont telescope at the
Carnegie Institution of Washington’s Las Campanas Observatory in Chile. This galaxy, desig-
nated NGC 1232, is in the constellation Eridanus at a distance of about 100 million light-years.
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Charge-coupled Devices
in Astronomy

Microelectronic technology has presented astronomers

with a sensitive new radiation detector that is expected

to improve the accuracy of many crucial observations

by Jerome Kristian and Morley Blouke

stronomy, the oldest of sciences,
concerned with nature on the
largest scale, is being aided by the
newest developments in microelectron-
ics, the most advanced technology of
the very small. The tiny new television
sensors called charge-coupled devices
(CCD’s) are providing a new view of the
heavens, and with unprecedented sen-
sitivity. The history of astronomy is in
large part the story of a continual search
for more efficient and more accurate
ways of measuring the meager light
from stars. The kinds of detectors avail-
able to astronomers have always limited
the data that can be gathered and the
problems that can be attacked, and they
have constrained, if not dictated, the
direction of the advance of knowledge.
Over the past few years the search for
more light has combined with explo-
sively fast developments in electronics,
solid-state technology and computers
to provide astronomy with the means
to make measurements that were un-
dreamed of 50 years ago and were only
a vague hope just five or 10 years ago.
These measurements promise dramatic
new insights into the dynamic processes
of the growth and decay of stars, galax-
ies and the universe.

Before we describe the new detectors
let us briefly survey the history of astro-
nomical light detection. Until the 17th
century astronomy was done exclusive-
ly with the unaided eye. The eye is a very
good light detector, perfectly tailored to
its everyday uses, but it has its limita-
tions for astronomy. Its efficiency can
be as high as a few percent, which is
respectable even compared with some
modern light-detecting devices. The eye,
however, responds only to a limited
range of colors, from blue through red.
Radiation in the neighboring ultraviolet
and infrared regions of the spectrum is
invisible. The eye can also discern subtle
differences in light intensity but is a poor
judge of absolute brightness. Although
the eye works well over a remarkably

wide range of brightnesses, it cannot
store light for more than a few tenths of
a second. No matter how long you look
at the night sky you will not see stars
fainter than some limiting magnitude.

The invention of the telescope in the
early 1600’s opened a new world. By
collecting and concentrating the light
from a larger area the telescope in effect
increases the eye’s sensitivity. As aresult
fainter objects can be seen, an improve-
ment that was immediately evident to
Galileo, who remarked that with his
rudimentary instrument he could see
“stars, which escape the unaided sight,
so numerous as to be beyond belief.” In
order to observe fainter and still faint-
er objects astronomers have continued
to build larger and more ingeniously de-
signed telescopes.

Until late in the 19th century, how-
ever, the detector at the focus of
the telescope was still the eye. Then
came the new art of photography, which
offered such marked advantages that
it quickly became the chief detection
method for astronomy. A photographic
emulsion is not much more sensitive
than the eye, but it has the great advan-
tage that it can build up a picture of a
faint object by accumulating light for a
long time. A photograph is also a per-
manent record that can be taken to the
laboratory, studied and kept for later
reference. Modern photographic emul-
sions are sensitive to a wider range
of wavelengths than the eye is: from
the ultraviolet region to the near-infra-
red. Brightness can be measured photo-
graphically to anaccuracy of better than
10 percent. There is still a limiting faint-
ness, however, beyond which an object
cannot be detected on a photograph; for
long exposures the ever present back-
ground light from the night sky even-
tually saturates the entire emulsion.
After World War II photomultiplier
tubes became widely available for ac-
curate measurements of the brightness
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of astronomical objects. In a device of
this type a photon, or quantum of radi-
ation, strikes the surface of a photo-
electric material, which responds by
emitting an electron. The electron is ac-
celerated by an electric field to a high
energy, thereby constituting a small cur-
rent, which is amplified within the tube
to generate a measurable pulse of elec-
tricity. Photoelectric surfaces have effi-
ciencies as high as 20 percent, and they
can be made sensitive to a wide range of
wavelengths: from the far-ultraviolet to
the infrared.

The response of a photomultiplier is
linear, that is, the output in units of elec-
tric current is directly proportional to
the input in units of light intensity. Ac-
cordingly it is a straightforward matter
to measure the intensity of the detect-
ed light with great accuracy. Individu-
al photoelectrons can be distinguished,
and indefinitely long exposures can be
made for extremely faint objects. A ma-
jor disadvantage of the photomultiplier
is that it can observe only a small part of
the sky; as a result stars must be mea-
sured one at a time, and extended ob-
jects such as galaxies must be sampled
point by point, a task that is very costly
in terms of telescope time.

More recently the technology of tele-
vision and electronic image amplifica-
tion has been adapted to astronomy,
with the aim of combining the accuracy
and unlimited exposure time of the pho-
tomultiplier with the extended field of
view of the photographic plate. Such an
approach should make it possible to ac-
curately measure many stars or an en-
tire galaxy with a single exposure. Vari-
ous devices of this type have been pro-
posed and tested for astronomy, and the
range of possible schemes is still ex-
panding. Most of the devices tried so
far start with the light striking a photo-
electric surface; a variety of methods
are then employed for amplifying and
measuring the resulting flow of elec-
trons. Charge-coupled devices operate
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in a somewhat different way, which we
shall now describe.

Recording a pattern of light with a
CCD is rather like measuring the distri-
bution of rainfall over a field by set-
ting out an array of buckets before the
rain and afterward moving the buck-
ets on conveyor belts to a metering sta-
tion where the amount of water in each
bucket isrecorded. In a CCD the “buck-
ets” are electron-collecting zones of low

a

electric potential created below an ar-
ray of electrodes formed on the surface
of a thin wafer of semiconducting sil-
icon. The zones, called potential wells,
are moved about within the device to an
output amplifier by changing the volt-
age on the electrodes in a systematic
manner.

When a photon strikes the silicon, it is
very likely to give rise to a paired entity
consisting of a displaced electron and

b

the “hole” created by the temporary
absence of the electron from the regu-
lar crystalline structure of the silicon.
Hence a CCD resembles a photomulti-
plier tube in the sense that both devices
convert light into electric charge. The
method of capturing and measuring the
charge, however, distinguishes the oper-
ation of a CCD from that of other light
detectors. In the case of the CCD, when
a photon creates an electron-hole pair,
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OPERATING PRINCIPLE of the CCD imager is depicted in this se-
quence of schematic diagrams, each of which corresponds to a small
segment near the top edge of the device. The strips of gray and white
bars function as a system of electronic conveyor belts. The white
bars represent zones of low electric potential, called potential wells,
in which the photoelectrons (colored dots) are collected; the gray
bars are zones of higher electric potential that act as barriers to keep
the electrons in the potential wells. The three vertical strips in each
diagram are electron-conducting channels “buried” in the body of
the device’s imaging section; the horizontal strip across the top is the
serial output register. Three pixels are shown in each channel. Each
pixel is in turn subdivided into three parts: one part low (the potential
well) and two parts high (the potential barriers). The heights of the
three parts can be changed by means of three sets of electrodes called
gates (not shown here), which run across the surface of the chip at
right angles to the channels and work in concert to move the elec-
trons along the channels. The electrons are kept from moving side-
ways out of the channels by permanent barriers called channel stops

68

(thick black lines). In a the CCD is being exposed. Photons, or light
quanta, enter the chip from the rear. Each photon can liberate one
electron from the regular crystalline structure of the silicon. The elec-
trons are promptly stored in the nearest potential well. After the ex-
posure is finished the image is read out by moving the potential wells
with their trapped charge packets in a systematic fashion. First the
level of the next barrier toward the output register is lowered to the
same level as the well. The electrons then divide between the two
wells. Finally, the level of the original well is raised so that it becomes
a barrier (b). The effect of this operation is to move the electrons one-
third of a pixel upward. After two more shifts (¢, d) the entire pattern
of charge has been moved one full pixel upward and the electrons
that were in the top row of pixels have been deposited in the output
register. The same technique is now applied to move this row of pix-
els along the output register toward the left (¢, /). An amplifier at the
end of the output register measures each charge packet in turn, there-
by reading out an entire row. The process is then repeated, with each
row read out until the entire chip has been emptied of information.
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the electron is immediately collected in
the nearest potential well, whereas the
hole is forced away from the well and
eventually escapes into the substrate.

A CCD imager can be thought of as
an array of serial shift registers. The
image-forming section is covered with
closely spaced columns, called chan-
nels. The channels are separated from
one another by narrow barriers called
channel stops, which prevent the charge
from moving sideways. Each channel is
in turn subdivided along its length into
pixels, or individual picture elements,
by a series of parallel electrodes (also
known as gates), which run across the
device at right angles to the channels.
Each row of pixels (that is, one pixel per
column) is controlled by one set of
gates. A picture is read out of the de-
vice by a succession of shifts through the
imaging section, with all the rows simul-
taneously moving one space at a time
through the body of the device [see illus-
tration on opposite pagel).

At each shift the last row of pix-
els passes out of the imaging section
through an isolating region called a
transfer gate into an output shift regis-
ter. Then, before the next row is trans-
ferred, the information is moved along
the output shift register, again one pixel
at a time, to an amplifier at the end,
where the charge in each pixel is mea-
sured. This final step constitutes a mea-
surement of the original light intensity
registered in each pixel. The technique
for moving the electric charge about in
this way is called charge coupling, and
that is how devices operating on this
principle got their name [see “Charge-
coupled Devices,” by Gilbert F. Amelio;
SCIENTIFIC AMERICAN, February, 1974].

In effect the pattern of light falling on
a CCD imager builds up an electronrep-
lica of itself, with more electrons cre-
ated and collected where the light is
brighter. The basic physics of the proc-
ess is quite linear: doubling the number
of photons at any pixel will double the
number of electrons, until the potential
well corresponding to that pixel is final-
ly filled with electrons.

he first devices based on the charge-

coupling principle were invented in
1970 by Willard S. Boyle and George
E. Smith of Bell Laboratories. The first
large image-forming CCD’s, with more
than 10,000 pixels each, were intro-
duced in 1973. The advantages of such
devices for astronomy were soon recog-
nized by Gerald M. Smith, Frederick P.
Landauer and James R. Janesick at the
Jet Propulsion Laboratory of the Cali-
fornia Institute of Technology.

Later that year the Jet Propulsion
Laboratory joined with the National
Aeronautics and Space Administration
and Texas Instruments to initiate a pro-
gram for the development of large-area
CCD imagers for space astronomy, in

particular for the Galileo mission to Ju-
piter. The devices made by Texas Instru-
ments for this program evolved from a
thorough study of several approaches to
the problem of designing and fabricat-
ing such microcircuits. CCD imagers
have also been made by Fairchild Semi-
conductor, the RCA Corporation and
the General Electric Company (GEC)
of Britain, but here we shall discuss only
the Texas Instruments detector.

In the Texas Instruments CCD all
the circuitry for collecting, moving and
counting the electrons is constructed on
asingle chip of silicon. The CCD is fab-
ricated on a substrate of moderately
high-resistivity p-type silicon: material
in which the main charge carriers are
positively charged electron holes. The
overall fabrication process is similar to
one originally developed by workers at
Bell Laboratories. The first step is the
creation of the five-micrometer-wide
channel stops by diffusing boron ions
through a mask into the exposed parts of
the silicon substrate and then growing a
thick (about 10,000 angstrom units) lay-
er of silicon dioxide in those areas. Next
the “buried” channels are created by im-
planting phosphorus ions in the areas
not covered by the thick oxide. The
phosphorus ions extend some 2,000 or
3,000 angstroms into the silicon. The
dose of phosphorus converts the area
below the surface into an n-type semi-
conductor: one in which the main charge
carriers are negatively charged elec-
trons. The pn-diode structure so formed
localizes the potential wells at a posi-
tion far from the interface between the
silicon substrate and the superposed
layer of insulating silicon dioxide.

The purpose of the buried channels is
to enable the device to transfer charge

MICROCIRCUITRY ON SURFACE of a
CCD imager made by Texas Instruments is
enlarged some 1,500 diameters in this scan-
ning electron micrograph made by John H.
Tregilgas and one of the authors (Blouke).
The area seen in the micrograph corresponds
roughly to the one shown in the diagrams on
the opposite page. A segment of the imaging
section of the device occupies the bottom third
of the micrograph. The raised horizontal
bands are the electrodes for controlling the
movement of the rows of charge packets up-
ward through the channels. Each pixel is cov-
ered by three of these bands, which overlap
to form a steplike structure. The less promi-
nent vertical bands are the channel stops. The
two raised horizontal bands just above the im-
aging section define the transfer gate through
which the top row of pixels is transferred into
the horizontal output register. The transfer
gate isolates the imaging section of the chip
from the output register. The output register
is overlain by vertical structures that control
the movement of the charge packets toward
the amplifier (out of view to the left). The
three broad horizontal bands near the top are
aluminum contact strips that supply the volt-
age to the electrodes over the output register.
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CROSS SECTION OF A PIXEL in the imaging section of the Texas Instruments CCD is en-
larged about 7,500 diameters in this scanning electron micrograph. The cross section is along a
vertical cut in the chip whose surface appears in the illustration on the preceding page, and it
shows 1Y/; pixels. The characteristic steplike structure is formed by the three overlapping lay-
ers of polysilicon (polycrystalline silicon) that serve as the electrodes in this section of the de-
vice. Each first-level electrode is a polysilicon ribbon five microns wide (about a twenty-fifth
of the diameter of a human hair) and 7.6 millimeters long, running in and out of the plane of
the page. On a single chip there are altogether about 40 feet of such ribbon in the three sets of
electrodes; the total volume of the polysilicon would fit into a cube half a millimeter on a side.

more efficiently by keeping the signal
electrons away from the interface be-
tween the silicon and the silicon di-
oxide, where they can become trapped
during the charge transfer. In general
whenever a transfer is made from one
well to the next, a small amount of
charge is left behind. One effect of this
residue is a blurring of the image; elec-
trons that were generated at neighboring
pixels are mixed together. In a square
array 800 pixels on a side the charge
packet farthest from the amplifier is
transferred 4,800 times (2,400 times in
each direction); in order to lose no more
than 10 percent of the charge the loss at
each transfer must be held to less than
two electrons per 100,000. It is a mea-
sure of the power of the present technol-
ogy that such a stringent standard is now
routinely met.
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The next step in making a CCD im-
ager is to build the electrodes for col-
lecting and moving the charge. After the
formation of the buried channels a layer
of silicon dioxide 1,200 angstroms thick
is thermally grown on the surface to
provide an insulating base for the elec-
trodes. A layer of polysilicon (polycrys-
talline silicon) 5,000 angstroms thick is
then grown on top of the oxide layer and
is heavily “doped” with phosphorus to
increase its conductivity. The first set of
electrodes is made from the polysili-
con layer by removing unwanted ma-
terial by means of a standard photo-
lithographic technique. The unprotect-
ed gate oxide between the electrodes is
etched off and a new gate oxide of the
same thickness as the original one is
grown over the exposed channel. Si-
multaneously a somewhat thicker oxide
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LIGHT DETECTORS available for astronomy today are compared in this graph in terms of
their quantum efficiency (a measure of sensitivity) and their spectral range. The CCD imager
is superior at all wavelengths except those in the ultraviolet region of the electromagnetic spec-
trum. The broken line represents the effect of a technique devised by James A. Westphal of the
California Institute of Technology to overcome this deficiency by coating the CCD with coro-
nene, an organic phosphor that converts photons of ultraviolet radiation into photons of light.
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layer is grown over the polysilicon to
electrically isolate this first set of elec-
trodes from the electrodes that are
later formed over them.

A second layer of polysilicon is then
grown, doped and patterned to form the
second set of electrodes. This step is fol-
lowed by another etch-and-regrow cycle
and by the deposition and doping of a
third level of polysilicon, from which
the third and final set of electrodes is
made. The chip is finished by selectively
etching holes in the oxide layer over the
diodes and over specific contact points
in the three polysilicon layers. Finally, a
pattern of aluminum strips is formed by
vapor-depositing aluminum over the en-
tire surface and then defining the leads
photolithographically. The aluminum
makes electrical contact with the diodes
and the polysilicon gates, and it leads to
peripheral bonding pads where the chip
can be connected with its external con-
trol circuitry.

Both silicon and polysilicon strongly
absorb short-wavelength radiation, that
is, radiation at the blue end of the visible
spectrum. In order to improve the sensi-
tivity of the CCD to blue light for astro-
nomical observations, the imager is op-
erated with the light striking the device
from the rear; for this reason the imag-
ing area is thinned to a thickness of
about eight micrometers. A rim of un-
thinned silicon some 650 micrometers
wide and 200 micrometers thick is left
for support during mounting and for
bonding the chip to the external leads.

Two serial output registers are pro-
vided, one at the top of the array and
another at the bottom, so that the image
can be read out in either direction. Each
register feeds into a simple two-transis-
tor amplifier. One version of the Texas
Instruments CCD has a square array
of pixels with 800 pixelsonaside, for a to-
tal of 640,000; each pixel is itself a
square measuring 15 micrometers on a
side. The total imaging section occu-
pies a square area 12.2 millimeters on
aside in the center of the chip, which has
a total area of three square centimeters
(17.8 by 17.8 millimeters).

How does the new CCD imager com-
pare with other light detectors
available for astronomy? There are six
major criteria for making such a com-
parison: quantum efficiency, noise level,
dynamic range, color response, photo-
metric accuracy and geometric stability.
We shall briefly discuss each of these
characteristics in turn.

An ideal detector would have a quan-
tum efficiency of 100 percent, that is, it
would generate a measurable response
for every photon that struck it, without
introducing noise, or spurious signals. In
addition it would be sensitive to light of
all colors, and it would give an accurate
value for the brightness of the light at
every point in a scene. It could be used



PHOTOGRAPH AND CCD IMAGE of an extraordinarily rich
cluster of galaxies are compared. The cluster, Abell 1689, is in the
constellation Virgo at a distance of about a billion light-years from
our galaxy; its velocity of recession is a sixth the speed of light. Al-
most every object in both of the pictures is a galaxy. The photograph
(/eft) was made with the 100-inch telescope on Mount Wilson by Wil-

for indefinitely long exposures, in order
to allow very faint objects to be detect-
ed, and it would be able to measure ac-
curately both faint and bright objects in
the same picture. Finally, it would be
able to record the positions of the in-
coming photons accurately, so that the
exact position of a star or of the spectral
lines from a star could be determined.

Quantum efficiency is a measure of
the sensitivity of a detector. Photoelec-
tric materials now in service typically
emit an electron for every five to 10 in-
cident photons; therefore they have a
quantum efficiency of between 10 and
20 percent. The quantum efficiency of
the eye or a photographic plate is not as
easy to define, but the concept is still
useful for rough comparisons. The su-
periority of the CCD in this respect is
evident from a plot of the quantum effi-
ciency and the color range of several
detectors [see bottom illustration on op-
posite page]. In contrast to the eye and
the kinds of photographic emulsions
commonly used in astronomy, which
have a maximum quantum efficiency
of a few percent, the new CCD detec-
tors have a quantum efficiency that goes
as high as 70 percent.

Since a more efficient detector yields
more data, an observation made with
such a detector can be done in less time
or with a smaller telescope. For many
problems in astronomy the largest tele-
scopes available are now being used to
their limit; improving the detector in
such a case is equivalent to building a
larger telescope. Because of the gain in
power the new detector can pay for it-
self in a few nights of observing.

The general term “noise” refers to any
process that contributes to errors of
measurement or distortions of informa-
tion. In astronomy there is an ultimate
source of noise that cannot be over-
come. Light is quantized in the form of
photons whose arrival at any point in
time and space is represented statistical-
ly by a characteristic distribution func-
tion; hence the number of photons that
strike even a uniformly illuminated de-
tector differs from area to area in a given
time interval or for different time inter-
vals in a given area. The visible effect of
this photon noise is to introduce a cer-
tain granularity into any image, an effect
that can obscure faint details.

ost detectors introduce additional

noise of theirown.Inaphotograph-
ic emulsion the light-sensitive particles
are not distributed uniformly; they tend
to clump together, producing the effect
known as graininess, which hides fea-
tures that are small or have a low con-
trast. Electronic detectors of all kinds
generate noise as a result of the constant
thermal agitation of their constituent at-
oms or molecules. These motions can
sometimes give rise to spurious events
that are indistinguishable from the ex-
ternally caused ones that are being mea-
sured. For example, in a photomulti-
plier an electron will occasionally gain
enough thermal energy to escape from
the photoelectric surface and mimic a
photoelectron ejected by an incom-
ing photon. This thermal noise can be
reduced by cooling the detector. For
CCD’s in astronomy, where long expo-
sures are required, it is necessary to cool
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liam C. Miller; the exposure time was 90 minutes. The CCD image
(right) was made with the 60-inch telescope on Palomar Mountain
by Donald P. Schneider, John G. Hoessel and James E. Gunn; the ex-
posure was 25 minutes. Even though the photograph was made with
almost three times the light-collecting area and more than three times
the exposure, the CCD image reveals objects that are much fainter.

the detectors to a temperature of — 100
degrees Celsius or lower.

Noise in electronic detectors also
arises from the electronic components
themselves. Such sources of noise are
characterized in terms of equivalent
photon events. One important attribute
of the Texas Instruments CCD is its low
noise level: the equivalent of 10 photo-
electrons or less. That means the extra-
neous random noise introduced by the
read-out process is the same as the pho-
ton noise associated with the detection
of only about 100 individual photons.
Although this noise level is low, it is
nonetheless significant in astronomical
applications, where the interval between
the arrival of individual photons from
the same object may be measured in sec-
onds or more.

The dynamic range of a light detector
is the ratio of the maximum detectable
light intensity to the minimum detect-
able light intensity. The minimum level
is usually determined by noise, the max-
imum by the fact that most detectors
“saturate” in some way at high exposure
levels. An ample dynamic range is need-
ed for measuring faint objects near
bright ones. That is a common situation
in astronomy: bright stars and faint stars
are scattered together throughout the
sky; in quasars and most galaxies the
nucleus is much brighter than the outer
regions; faint spectra are ‘“contaminat-
ed” by bright emission lines caused by
artificial lights and the natural airglow
(the faint light emitted by certain mole-
cules in the earth’s atmosphere). By in-
creasing the dynamic range of a detector
more photons can be collected before
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saturation, the relative noise due to sta-
tistical photon processes can be reduced
and fainter objects can be detected.

In a CCD imager the upper limit of
the dynamic range is established by the
filling of the potential wells with elec-
trons. The Texas Instruments CCD has
a dynamic range of about 5,000. In com-
parison, the dynamic range of a photo-
graphic plate or a television system is
typically less than 100.

Photometric accuracy refers to the
ability of a light detector to measure the
exact brightness of an object. This factor
becomes more important in astronomy
as a particular study evolves from the
stage of observing, reporting and classi-
fying to the stage of attempting to un-
derstand the physical processes oper-
ating in the object being observed. As-
trophysical theories, if they are to be
most useful, must provide quantitative
predictions, and the observations em-
ployed to test the theories must be ac-
curate enough to decide between com-
peting predictions.

An accurate measurement of bright-
ness requires that the detector respond
in a known and reproducible manner, so
that a given light input always yields the
same output. One can then measure the

brightness of an unfamiliar object by
comparing it with a source of known
brightness. Furthermore, in practice it is
helpful if the detector’s response is lin-
ear, or directly proportional to the in-
put, since such a relation greatly simpli-
fies the task of analyzing the data.

The CCD imagers, like photomulti-
pliers and many of the new television-
type detectors, are linear devices. Photo-
graphs, on the other hand, are inherently
nonlinear in several ways. Moreover,
photographic plates can be used only
once, and their characteristics are not
reproducible, even for plates from the
same batch of photographic emulsion,
so that for the highest attainable photo-
metric accuracy each plate must be indi-
vidually calibrated, a laborious process
and one that is itself not very accurate.

Geometric stability refers to the abili-
ty of a detector to record exactly where
in the sky a given object is. Objects such
as quasars and pulsars are often discov-
ered solely by the radio waves they emit;
on the basis of the radio emission their
position in the sky can often be deter-
mined to an accuracy of a fraction of a
second of arc. To identify such a radio
source with a visible object in what
might be a crowded field of stars calls

EFFECT OF NOISE on a CCD image is demonstrated in this mosaic picture of the bright spi-
ral galaxy NGC 6951. The clarity of the original short-exposure image (/ef?) is limited by “pho-
ton noise” (that is, random fluctuations in the number of photons striking the detector). In the
right half of the picture the noise level of the original image has been artificially increased by
computer processing but the image is otherwise unchanged. The most obvious effect of the
added noise is an appearance of increased granularity. On closer inspection the loss of infor-
mation in the altered image is evident in the reduced visibility of fine details and of low-con-
trast features such as H 11 (ionized hydrogen) regions and dust lanes in the galaxy’s spiral arms.
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for a light detector with a geometric
accuracy at least as high. In general
the geometric stability of photographic
plates is quite good, whereas that of
some of the new television-type detec-
tors is rather poor. The CCD imag-
ers have exceptionally good geometric
properties, since the individual picture
elements are defined by the physical
structure of the chip.

he first astronomical pictures re-

corded with the Texas Instruments
CCD were planetary exposures made
in 1976 with the 61-inch telescope on
Mount Lemmon operated by the Stew-
ard Observatory of the University of
Arizona. In 1977 one of the early Texas
Instruments detectors was tested with
the 200-inch Hale telescope on Palomar
Mountain, with support from the Na-
tional Science Foundation. The excel-
lent results obtained from this early
work led to the proposal to include a
CCD imaging system in the Space Tel-
escope, the 94-inch astronomical in-
strument scheduled to be put into or-
bit on a Space Shuttle flight in 1985
[see “The Space Telescope,” by John N.
Bahcall and Lyman Spitzer, Jr.; Sci-
ENTIFIC AMERICAN, July].

The construction of the CCD camera
for the Space Telescope is well under
way at the Jet Propulsion Laboratory
under the direction of a group of astron-
omers headed by James A. Westphal of
Cal Tech. The development of this high-
ly sophisticated detector has benefited
greatly from the close interaction of de-
tector designers, engineers and astrono-
mers. Observations with the CCD im-
ager have now been made at other
observatories and have led to improve-
ments in the performance of the device.

In the process of testing the new detec-
tor important data have been obtained
on a wide range of astronomical topics,
from planets to quasars. Some of the
results of the early work accompany this
article. For example, a CCD imager
has been used to study the active galaxy
M387 and has led to the suggestion that
its nucleus harbors a massive black hole
[see top illustration on opposite page].
Moreover, the galaxy that forms the
first known gravitational lens was dis-
covered with a CCD imager [see bot-
tom illustration on opposite page).

At present earth-based telescopes
equipped with CCD’s are being used to
carry out a survey of selected small ar-
eas of the sky to detect objects fainter
than the 25th magnitude: some 50 times
fainter than the photographic limit
of the 200-inch telescope. Red-shifted
spectral lines attributable to the high re-
cession velocities of very faint and dis-
tant galaxies and quasars are being mea-
sured. CCD imagers have been used to
study the galaxies in which at least some
quasars appear to be embedded, and to
discover faint galaxies near some qua-



GIANT ELLIPTICAL GALAXY, M87 in the Messier catalogue of
extended celestial objects, has been studied with the aid of the CCD
imager in an effort to understand the nature of the violent event that
is evidently taking place in its nucleus. M87 is a member of the near-
est great cluster of galaxies, situated in the constellation Virgo at a
distance of some 60 million light-years. In addition to being one of
the brightest galaxies known M87 is a source of both radio waves and
X rays. Its most peculiar feature is a jetlike series of bright spots
reaching out 7,000 light-years from its center. In the CCD image at
the left the outer part of the jet can be seen extending beyond the

FIRST KNOWN GRAVITATIONAL LENS was identified with
the aid of this pair of photographs, both of which were reproduced
from a single CCD frame recorded with the 200-inch Hale telescope
on Palomar Mountain. The two photographic exposures show exact-
ly the same region of the sky. The two bright objects at the center of
the shorter exposure (/eff) originally appeared to be a pair of quasars
designated Q0957 + 056; they are only six seconds of arc apart, and

main body of the galaxy. In the CCD image at the right, made from
the same data, the light from the galaxy has been removed by com-
puter processing to show only the jet and the nucleus of the galaxy.
The light from the jet, which is thought to be produced by the spiral-
ing of energetic electrons in a magnetic field, is much bluer than the
light from the normal stars that make up the rest of the galaxy. It has
been suggested that the nucleus of M87 harbors a massive black hole
that supplies the energy needed to account for the X-ray and radio
emission from the galaxy and the radiation from the jet. CCD image
was made with the 200-inch Hale telescope on Palomar Mountain.

they have identical spectral properties. They are now known to be
duplicate images of a single quasar, caused by the focusing of its light
by an intervening galaxy. In the longer exposure (right) the lens gal-
axy can be seen as a fuzzy, elliptical image that completely blots out
the lower image of the quasar and part of the upper image as well.
This picture, which records objects fainter than 25th magnitude, is
one of the deepest astronomical pictures that has ever been made.
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CRAB NEBULA is seen in this CCD-based composite photograph as two components: (1) a
network of gaseous filaments (which appear here as green) radiating at a set of discrete wave-
lengths characteristic of the emission from a hot gas and (2) a continuous emission characteris-
tic of the radiation produced by the spiraling of energetic electrons in a magnetic field. Energy
is being supplied to the nebula by a pulsar at its center. The pulsar, the first of its kind observed
at wavelengths other than those in the radio region of the spectrum, is thought to be a super-
dense neutron star spinning at the rate of 30 revolutions per second. The pulsar is the remains
of a star that exploded in A.D. 1054 as a supernova and the nebula is the debris from the explo-
sion. The false-color composite was made at the Jet Propulsion Laboratory of Cal Tech by
combining the data from three CCD frames, which were made originally at the 200-inch tele-
scope through green, red and infrared filters. Since the eye is not sensitive to infrared radiation,
the CCD frames were reproduced on the photographic film through blue, green and red filters,
with the result that the picture has been “blue-shifted” by one color band. Hence the filaments,
which appear green, are actually red, because the strongest of their emission lines lie in the red.

PLANETARY NEBULA, the well-known Ring Nebula in Lyra, is an expanding shell of gas
ejected from the star visible at the center. The gas shines by fluorescence: it absorbs ultraviolet
radiation from the hot central star and reradiates it at visible wavelengths. In this two-color,
CCD-based composite photograph the nebula appears green on the inside and red on the out-
side because the higher-energy photons from the star are absorbed closer to the center and
heat the gas there to a higher temperature, exciting shorter-wavelength (greener) emission.
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sars. They have also played an impor-
tant role in studies of the evolution of
stars in galaxies other than our own and
in analyses of the recently discovered
rings of Jupiter. As these examples indi-
cate, the new detectors are already serv-
ing in the study of a great range of ob-
jects and problems.

he new detectors generate enormous

amounts of data, and their use
would be quite limited if it were not for
concurrent advances in computer tech-
nology. A single picture made by a CCD
imager 500 pixels on a side holds the
same amount of raw information as a
100,000-word book, and a single night’s
observing can yield as many as 100 such
pictures—the equivalent of an encyclo-
pedia! In order to be of any value to the
astronomer these data must be stored,
calibrated and analyzed, and the infor-
mation of interest must be extracted and
presented to him in a timely and com-
prehensible form. It would be next to
impossible to do this without a modern
digital computer. Computing is already
a major activity at most astronomical
observatories, and it will surely become
much more important as the new detec-
tors become widely available.

CCD detectors are not perfect, and
they will not totally supplant other as-
tronomical light detectors. The main
disadvantage of the CCD imager at
present is its smallsize, which is not like-
ly soon to exceed a few million pixels in
the space of a few square centimeters. In
comparison, the 100-inch du Pont tele-
scope at the Las Campanas Observatory
in Chile makes photographs on plates
that are 20 inches on a side: 4,500 times
larger than the largest available CCD.
Although the CCD chip is simple and
rugged, it takes considerable technical
skill and capital investment to assemble
the electronic equipment needed to col-
lect data from a telescope with a CCD,
to say nothing of the computer power
needed to wring scientifically interesting
results from the data.

Furthermore, there are many prob-
lems in astronomy for which the at-
tributes of a CCD imager are simply
not needed, or for which its limitations
make it unsuitable. For example, for
surveys of large areas of the sky in
which extreme accuracy and the capa-
bility of detecting very faint objects are
not needed, it is doubtful that anything
will soon replace photographic plates,
with their unique combination of sim-
plicity, low cost and ease of handling,
storage and reproduction.

Nevertheless, the new detectors are a
powerful addition to the astronomer’s
tools. They have already proved their
value in solving difficult astronomical
problems, and as they become more
available they will help to solve some
of the many fascinating problems with
which modern astronomy is blessed.
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2,000 separate pictures
of this single second.

Or, in the split-screen
mode, up to 12,000
images per second can
be captured. And that
rate can be held for
almost a full minute of
continuous recording.

It may (but shouldn’t)
be a surprise to find
Kodak at the leading
edge of high-speed
videography. Imaging is
our business. So, as tradi-
tional motion-analysis
methods neared the
sheer physical limits of
moving parts, film
strength, and shutter
function, we were

Thanks to the recent
combination of three
significant advances,
the science of motion
and analysis will likely
never be the same.

2 1. A metal-oxide
silica (MOS) photo-
capacitive, solid-state
image sensor devel-
oped by our research
laboratories.

2. An innovative
magnetic tape, utilizing
vertical recording on
isotropic media, devel-
oped jointly by Kodak-
Pathé (France ) and Spin
Physics, Inc., a Kodak

already at work on non-
silver alternatives and
extensions. The result is the world’s fastest elec-
tronic sensory ability available today.

Captured phenomena can be replayed
instantly, in slow motion. Can be advanced or
reversed, frame by frame. Or you can select any
desired frame. And freeze it. The system’s elec-
tronics allows you to analyze that frame. Instantly.

With the aid of a computer, vou can input
accumulated raw positional data and associated
elapsed times. Compute displacement, speed,
and acceleration. Generate stick figures and per-
form angle analysis. Fascinating and revealing
impressions of rapid motion can be seen and
measured. Instantly.
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company.

3. State-of-the-art
microgap recording heads, developed by Spin
Physics, that lay down 34 tracks on a %2-inch tape.

The sensor’s array of charge-accumulation cells
(192 x 240 pixels) can record a total of 46,080 bits
of spatial information within the frame area.
Unlike other video photosensors, the MOS device
is unaffected by accidental overexposure to light.
And since there is no time lag, there is none of the
ghosting or blur found in conventional video
systems.

That's not all. For additional information, write
Spin Physics, Inc., a Kodak company, Dept. 280,
3099 Science Park Rd., San Diego, California 92121.
Or call 714-481-8182, extension 2800.
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Kodak.Where technology anticipates need.
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SCIENCE AND THE CITIZEN

Nuclear Boom

The accident that destroyed the
core of a nuclear-power reactor at
Three Mile Island in 1979 seemed
likely for a time to be equally damaging
to the entire nuclear-power industry in
the U.S. The long-term prospects are
still uncertain, but for now the industry
seems to be growing faster than it has
at any other time in its 30-year history.
Nuclear reactors accounted for 12 per-
cent of the electricity generated in the
U.S. last year; this year they should be-
come the second-largest source of elec-
tric power, exceeded in energy output
only by coal. One utility company in
New England reported that in May 85.7
percent of its electric-power produc-
tion came from nuclear sources.

Some 82 power reactors are now li-
censed for operation in the U.S.; anoth-
er 68 are under construction and eight
more are on order. Nuclear-power pro-
duction is increasing at a rate of 7 per-
cent per year. Because the total con-
sumption of electric power is growing
much slower the fraction of all electrici-
ty generated by nuclear reactors can be
expected to increase quite sharply. In ef-
fect nuclear plants are replacing fossil-
fuel plants rather than supplementing
their output.

The period of rapid growth could end
abruptly, however, when the reactors
now being planned and built are com-
pleted. In the past year there have been
no new orders for power reactors to be
built in the U.S. and eight projects have
been canceled. Public unease about the
safety of reactor technology is only one
reason for the downturn. The cost of
building, operating and maintaining a
nuclear reactor has been rising steeply
and future demand is uncertain. As a re-
sult it has become more difficult for
utility companies to persuade their cus-
tomers and regulatory bodies that new
plants represent a prudent investment.

Elsewhere in the world the long-term
commitment to nuclear power seems to
be appreciably firmer. Worldwide nu-
clear generating capacity increased 13
percent in 1981, and 10 new reactors
were ordered. (They will be built in
France, Japan, India and Romania.) The
French program is particularly vigorous:
France has become the first country
whose primary source of electricity is
nuclear power. Last year 38 percent of
all electric power in France was gener-
ated by nuclear reactors.

Sequential Sequencing

Determining the exact sequence of
paired nucleotide bases in a gene,
and thereby reading the text of a mes-
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sage written in the genetic code, has late-
ly become a matter of great importance
in molecular biology. Many of the new
methods of industrial microbiology re-
quire knowledge of a sequence of nucle-
otides so that a gene can be synthesized
and inserted into a bacterium, where it is
replicated and translated into a protein.
Furthermore, it is generally easier to de-
cipher the gene that codes for a protein
than it is to analyze the protein itself.
Even so, determining the sequence of
nucleotides in a segment of DNA re-
mains a formidable task. The existing
methods are time-consuming and cum-
bersome and rely on random processes.
Now Guo Fang Hong of the Chinese
Academy of Sciences, who is currently
working at the British Medical Research
Council Laboratory of Molecular Biol-
ogy in Cambridge, has devised a method
for rapidly finding such sequences; he
describes his work in Journal of Molecu-
lar Biology.

In the late 1970’s two methods for
finding the sequence of as many as
400 consecutive nucleotides were devel-
oped. One method was devised by Wal-
ter Gilbert and Allan M. Maxam of
Harvard University and the other by
Frederick Sanger of the Medical Re-
search Council Laboratory of Molecu-
lar Biology. Most genes, however, are at
least several thousand base pairs long.
To determine the sequence of such a
long segment of DNA it has been neces-
sary to break up the strand into many
fragments of 400 or fewer base pairs.
One fragment after another is then se-
quenced. As sequences accumulate,
overlapping regions are identified and
the code for the entire segment is slowly
filled in. As the determination proceeds,
however, the probability increases that
any fragment will turn out to include a
large proportion of nucleotides whose
sequence has already been determined.
Such techniques, which are known as
shotgun methods, therefore become
very slow as they approach the end of
the sequencing process.

The sequence of nucleotides in a long
piece of DNA could be found quickly
and directly with existing methods if
certain conditions were met. To under-
stand how it might be done, imagine 10
copies of a piece of DNA 2,000 base
pairs long. One of the copies is left in-
tact, but 200 base pairs are cut from one
end of the next copy, 400 base pairs are
cut from the same end of the next copy
and so on. The result is a set of frag-
ments that range in length from 200
base pairs to 2,000.

If the standard methods of determin-
ing nucleotide sequences are applied to
the fragments, they yield information
about 400 base pairs in each fragment,
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beginning at the cut end and proceeding
toward the uncut end. Because the frag-
ments differ in length by only 200 base
pairs the sequences determined in this
way overlap. If the overlapping regions
of each piece are aligned, the sequence
of base pairs in the original DNA can
readily be determined. This simple prin-
ciple is the basis of Hong’s method,
but several ingenious manipulations are
needed to obtain DNA fragments of
the right length and in the right order.

Hong’s starting point was the DN A of
the virus called phage lambda, which
infects bacteria. The restriction endo-
nuclease designated Hind III was em-
ployed to cut out a piece of the viral
DNA 2,327 base pairs long. (A restric-
tion endonuclease is an enzyme that cuts
DNA at a site defined by a specific group
of base pairs.) The same endonucle-
ase, along with other enzymes, was then
utilized to insert the segment of phage
lambda DNA into the circular double-
strand form of the DNA of the virus
M13. The M13 DNA served as a vehicle
for introducing the lambda DNA into a
strain of the bacterium Escherichia coli.
The vehicle was constructed so that near
one end of the lambda DNA there was a
cutting site for the restriction endonu-
clease Sma I. Adjacent to the cutting site
another group of bases formed a prim-
ing site, which is the point on the DNA
molecule where techniques of sequence
determination begin to yield informa-
tion about the order of the base pairs.

The loop was put into the bacteri-
um, where it was replicated many times.
The replicas were removed and subject-
ed to the action of the enzyme DN Aase
I. Unlike the endonucleases, DN Aase 1
cuts the DNA molecule randomly. The
procedure therefore yielded many lin-
ear molecules formed by breaking the
loop in different places.

The linear molecules of interest were
those that had been cut within the insert-
ed stretch of lambda DNA. Hong found
a way to separate these from the loops
that had been cut within the M 13 DNA.
Each of the selected molecules thus con-
sisted of the intact M13 DNA in lin-
ear form with a short segment of lamb-
da DNA at each end. The length of the
lambda fragments varied from one mol-
ecule to another.

On each loop at the boundary be-
tween the M 13 DNA and one of the two
short pieces of lambda DNA was the
Sma I site, with the priming site nearby.
Sma I was employed to cut off the seg-
ment of lambda DNA extending beyond
the cutting site. The remaining DNA
was then rejoined into a circle. As a con-
sequence of the position of the Sma I site
and the priming site, the priming site on
each linear molecule was joined to the
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cut end of the fragment of lambda DNA
at the other end of the M13 DNA.

Each rejoined loop therefore included
a piece of lambda DNA whose length
depended on where the original loop
had been cut open by DNAase I; since
this enzyme cuts at random sites, there
were a great many different lengths. The
entire array was reinserted into E. coli
and replicated. After replication the
DNA loops were separated according to
the length of the inserted lambda genetic
material. The separation yielded some
160 samples. To determine the nucleo-
tide sequence of the complete original
lambda DNA it was necessary to have
approximately 10 samples differing in
length by about 200 nucleotides and
having overlapping ends. Twenty-four
samples that appeared to be of about the
right length were selected.

To refine the selection the 24 samples
were tested to see whether their ends
overlapped. The method used to test for
overlapping is part of the general meth-
od developed by Sanger for determin-
ing base-pair sequences. In the Sanger
method four different reactions yield in-
formation about the position along the
DNA molecule of the four nucleotide
bases. Hong employed Sanger’s method
to find each unit of the base thymine.
The sequence of thymine units was not-
ed at the cut end of the piece of lambda
DNA and about 200 bases away from
the cut end. Because of the priming site

the sequencing began at the cut end and
proceeded toward the uncut end.

By comparing the thymine sequences
it was possible to tell whether any two of
the 24 fragments had overlapping ends;
by this means Hong selected 11 overlap-
ping fragments that covered the entire
length of the intact lambda DNA. It was
then a relatively straightforward task
to apply the full Sanger method to the
stretch of about 400 nucleotides begin-
ning at the cut end of each segment and
thereby determine the entire nucleotide
sequence of the insert. Hong’s method
seems to hold considerable promise. He
notes that “the length of the DN A along
which the sequence can be read progres-
sively appears to be limited only by the
insertion capacity of the vector.” The
longest piece of DNA sequenced so far
is about 6,000 nucleotides.

Wrinkles in Four Dimensions

Few branches of mathematics have
seemed less likely to describe the
physical world than topology. Physicists
have occasionally described some fea-
tures of a world that is topologically
equivalent to a torus, but most topol-
ogists are more at home working in
many-dimensional spaces than they are
in the physically relevant spaces of three
or four dimensions. Recently, however,
two topologists have found that at least
one four-dimensional space can be con-

structed whose overall structure is wild-
ly different from the smoothly curved
manifold of space-time to which physi-
cists have become accustomed.

The possibility of a new structure for
four-dimensional space-time is raised
by the work of Michael Freedman of
the University of California at San Die-
go, who has been seeking ways to classi-
fy all the topological manifolds in four
dimensions. A topological manifold in
ordinary three-dimensional space can
be illustrated by a blob of clay with a
fixed number of holes. The manifold is
the two-dimensional surface of the blob,
and it is said to be embedded in three-
dimensional space. A manifold is classi-
fied topologically according to the num-
ber of holes that appear when it is em-
bedded in a higher-dimensional space.
For example, a doughnut and a coffee
cup with one handle are topologically
equivalent because each has one hole;
indeed, if the coffee cup were pliable
enough, it could be stretched and pulled
into the shape of the doughnut.

Freedman’s work on the classification
of four-dimensional manifolds draws
on the notion of a more abstract kind of
hole: one that is literally a gap in space
or a lacuna in the set of points included
in a manifold. Such topological holes
are the basis of a celebrated conjecture
made in 1904 by Henri Poincaré. To un-
derstand the conjecture, consider a loop
formed in a piece of string that is some-

HARRIER II: TWICE THE PEREORMANCE

HOW EVOLUTIONARY TECHNOLOGY
HAS SAVED $1BILLION IN R&D COSTS
ON THE NEW MARINE MACHINE.
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Harrier Il ““supercritical” wing
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| more space for fuel.

*Harrier Il is the derivative of the British Aerospace Harrier now in service.
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how embedded in the surface of a
sphere but is still free to move on the
surface. If the ends of the loop are
pulled, the loop will collapse into a sin-
gle point. If the same experiment is done
on a torus, however, the loop may not be
able to collapse. Indeed, there are two
independent ways of embedding a loop
in the surface of a torus so that the loop
cannot be shrunk to a point. One way is
to make the string pass around the hole
of the torus; the other way is to make the
string pass through the hole and around
the solid “arm” of the torus. Paradoxi-
cally, therefore, a one-hole doughnut
has two topological holes. Poincaré con-
jectured that if every loop of string em-
bedded in a three-dimensional manifold
can be shrunk to a point, the manifold
is topologically equivalent to the three-
dimensional “surface” of a four-dimen-
sional sphere.

Poincaré’s conjecture has still not
been proved. In 1959, however, Stephen
Smale of the University of California
at Berkeley proved an analogue to the
conjecture for manifolds of five dimen-
sions or more. Freedman, in pursuing his
classification, proved the conjecture for
four-dimensional manifolds. In four di-
mensions the proof of the conjecture has
two parts: it must be possible to shrink
to a point not only any loop of string
embedded in the manifold but also any
two-dimensional sphere that can be em-
bedded in it. For example, in ordinary

Euclidean space a balloon can be shrunk
indefinitely without catching on any-
thing. If a marble inside the balloon rep-
resents a hole in space, however, the bal-
loon cannot be shrunk without eventual-
ly catching on the hole.

In the course of his work Freedman
was able to construct aremarkable four-
dimensional manifold that has eight
topological holes. In other words, there
are eight independent ways a sphere em-
bedded in the manifold can fail to col-
lapse to a point. The possibility of such a
manifold had been suspected for many
years, but until Freedman’s work no one
had been able to show that it could actu-
ally exist. The manifold is called ES.

Animportant characteristic of a topo-
logical manifold is whether or not it can
be smoothed. Smoothing is analogous to
flattening a decal on a windowpane. If
the decal is carefully applied, it will
stick to the glass without any creases; if
it is stuck first at its perimeter, however,
creases can develop when the interior of
the decal is flattened against the pane.
Although the creases can be moved
around and confined to a small area in
the interior of the decal, they cannot be
eliminated without unsticking some of
the points at the perimeter. E8 is so con-
voluted that it always includes creases.

Although E8 cannot be smoothed, it
remained an open question after Freed-
man’s work whether it is possible to
smooth the manifold that results from

sticking two copies of E8 together, a
structure topologists call E8 + E8. Re-
cently Simon Donaldson, a graduate
student at the University of Oxford,
demonstrated that E8 + E8 cannot be
smoothed either. Donaldson drew on
the work of Clifford Taubes of Harvard
University and of Karen Uhlenbeck of
the University of Illinois at Chicago Cir-
cle, but his argument is a highly original
one in its own right. When Freedman
received word of it, he was able to per-
ceive its consequences from his own
previous work: Donaldson’s result im-
plies that there is more than one way
to construct a topologically smooth
four-dimensional space-time. Ordinary
space-time, whether it is curved or not,
is called R4; the new space-time has
been referred to as fake R4.

What does fake R4 look like? No one
can say for sure. According to Robion
Kirby of Berkeley, it is “crinkled to a
degree we’ve never seen before.” Freed-
man likens it to the graph of the mathe-
matical function sine (1/x), which oscil-
lates about the x-axis an infinite number
of times for values of x between zero
and 1. A physical space-time with the
topological structure of fake R4 would
look like ordinary space-time near an
observer, but the surface of a distant
four-dimensional sphere (defined as the
set of points equidistant from the ob-
server in space-time) would look almost
unimaginably complex. Moreover, it is
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not yet clear that there is only one candi-
date for fake R4; according to Freed-
man, it is just as likely that there is
an infinite family of fake R4’s. If there
is, the widened perspective raises new
questions, similar to those raised during
the 19th century by the development of
non-Euclidean geometries, about the
privileged status of ordinary R4 as a de-
scription of the universe we inhabit.

Proprietary Plants

he Plant Variety Protection Act of

1970 is designed to encourage re-
search and development in plant breed-
ing by giving the creator of a new plant
variety patentlike rights to its commer-
cial exploitation. Minor amendments to
the act were proposed in 1980, provok-
ing congressional debate on the value
and implications of the act itself. The
debate led to a study of the impact of the
act by the Department of Agriculture
and the Food System Research Group
of the University of Wisconsin’s Depart-
ment of Agricultural Economics.

Proponents of the act cite the eco-
nomic incentives it creates for industrial
activity in plant breeding. This activity,
they argue, will increase the genetic di-
versity of plants as more varieties are
developed, improve the yield of crops,
release public plant-research funds for
other purposes and make the U.S. more
competitive in international agricultural
markets. Opponents of plant patenting
argue that on the contrary the act will
decrease the genetic diversity of plants
and slow the creation of new varieties by
limiting the exchange of information
and plant germplasm. It has also been
suggested that the act has harmed small
seed businesses by attracting larger mul-
tinational companies to the industry.

The act’s effect on the genetic diversi-
ty of plants is one of the most crucial
and confused issues in the debate. L. J.
Butler of the University of Wisconsin at
Madison, director of the recent joint
study, agrees that the protection afford-
ed by the act encourages the private de-
velopment of new plant varieties. He
adds, however, that industry may con-
centrate on developing varieties with the
specific qualities considered desirable
by farmers, particularly high yield and
resistance to known pathogens. As a
result agriculture could come to rely in-
creasingly on genetically uniform popu-
lations of plants. If a new strain of path-
ogen were then to arise, an entire crop
could be destroyed. Genetic diversity
may offer better prospects for long-term
disease resistance.

With respect to the potential for mo-
nopoly created by the interest of multi-
national companies in the seed industry
as a result of the Plant Variety Protec-
tion Act, Butler thinks the takeovers of
small companies cited by opponents of
the act do not constitute market concen-
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tration. Although many small concerns
have been sold or have closed, new ones
have been formed, and the number of
seed companies remains relatively sta-
ble. Thus there is considerable diversity
among the producers of seed.

Fatal Encounter

On August 30, 1979, a comet collided
with the sun. The collision appar-
ently went unseen in the various pro-
grams that monitor the sun; Zdenek
Sekanina of the Jet Propulsion Labora-
tory of the California Institute of Tech-
nology notes, for example, that solar
photographs made every 20 seconds at
the Big Bear Observatory ‘“show no
traces of any unusual phenomena.” The
collision was discovered only some time
later, when images made by a solar co-
ronagraph on board a U.S. Air Force
satellite became available. The corona-
graph includes a disk that blocks out the
photosphere (the bright sphere of the
sun) so that the fainter light of the sur-
rounding solar corona can be recorded.
Every 10 minutes the device records an
image showing the corona at distances
of between 2.5 and 10 solar radii from
the center of the sun.

The coronagraph was put on board
the satellite by Donald J. Michels, Neil
R. Sheeley, Jr., Russell A. Howard and
Martin J. Koomen of the Naval Re-
search Laboratory, who also analyzed
the images and who have discussed
them in Science. The remarkable se-
quence of events, as the four investiga-
tors reconstruct it, is as follows. Late on
August 30 a comet approaches the sun.
The path of its head in the plane of the
images is a straight line; the velocity of
the head in that plane is 284 kilometers
per second. The line on which the comet
approaches does not intersect the center
of the disk of the sun; from that fact and
some others the investigators surmise
that the Air Force satellite was “near but
not in the [comet’s] orbital plane.” The
head disappears, then for some two and
a half hours the coronagraph makes no
further images. The first image after
that shows “tail material strewn along
the path of approach.” The tail mate-
rial “persists for many hours,” growing
brighter than it was when the comet was
approaching perihelion (the point in its
orbit closest to the sun). Meanwhile the
corona is becoming diffusely brighter
around the half of the sun north of the
tail. The comet’s head is no longer seen.
The brightness persists for about a day.

The investigators estimated the com-
et’s orbit by finding the parabola whose
projection onto the plane of the images
would align best with the successive re-
corded positions of the head. It was an
open question at first whether the orbit
was prograde (in the same direction as
that of the planets) or retrograde. As
it turned out the orientation of the or-



bit matched well that of Ikeya-Seki, a

comet considered representative of the

group of comets known as the Kreutz

sun-grazers, after the 19th-century as-

tronomer H. Kreutz. The Kreutz sun-

grazers, which have a retrograde orbit, — ~ ~ g .
approach as close to the center of the n (_' Y ] WA ‘l l l‘ }_)"l' l
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comet was indeed a Kreutz sun-grazer,
so that it had a retrograde orbit, it would
have been ‘“very close (in angle) to the
sun for many days prior to periheli-
on, lessening the likelihood of detection
[from the earth].”

Because the tail of the comet was nev-
er visible on the side of the sun opposite
the side of approach the workers place
the perihelion at no more than 1.75 solar
radii. Because the tail did not reappear
on the same side of the sun they place it
at no more than one solar radius. The
question then is whether the comet col-
lided with the sun or “simply lost all its
volatile material through sublimation in
a grazing encounter.” The investigators
note “that for particle diameters smaller
than about .3 micrometer the outward
radial force of the solar radiation ex-
ceeds the [sun’s] gravitational attrac-
tion.” It follows that small particles ex-
pelled from the comet were “quickly
driven out of the comet’s orbit.” The
particles would then have assumed “tra-
jectories characterized by outward radi-
al accelerations but still in the comet’s
orbital plane.” The investigators suggest
that the light scattered toward the earth
from the broadened distribution of the
particles accounts for the brightening of
the tail after the head had disappeared.

The diffuse brightening of the corona
demands a different explanation. For
one thing it reached its maximum when
the tail itself was fading. The investiga-
tors propose that the corona became
filled with particles that “were products
of the final disintegration of the come-
tary nucleus in the solar atmosphere.”
The particles were heated into rapid
random motion and “blown outward
by radiation pressure” with a distribu-
tion “somewhat resembling the ejection
spray from a terrestrial explosion.”

Sekanina, writing in The Astronomical
Journal, offers a further analysis of how
the comet was destroyed. His own study
of the positional data embodied in the
sequence of images from the Naval Re-
search Laboratory leads him to calcu-
late that if the comet was a Kreutz sun-
grazer, the perihelion of its orbit was at
about .35 solar radius: it is indeed “the
first known case of a comet falling into
the sun.” (It is also the first case of a
comet discovered by satellite.)

In the final image before the two-and-
a-half-hour hiatus in the data the head
of the comet (if it survived that long)
was 2.3 solar radii from the center of the
sun; it was therefore “hidden by the oc-
culting disk of the coronagraph.” The
path Sekanina calculates for the com-
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et would have had 1t approach the sun
from behind (as viewed from the van-
tage of the coronagraph), “ready to
plunge—if still surviving—into a region
of the photosphere that was facing the
earth.” Perhaps the head disintegrated
from a combination of heating and tid-
al stress even before it encountered the
photosphere. If not, the comet would
have “struck the sun” 17 minutes before
it was due to reach perihelion.

Host and Guest

A’l animal is a self-contained ecosys-
tem in which large populations of
microorganisms occupy such external
surfaces as the skin and the mucous
membrane of the eye and such interior
regions as the nose, throat, stomach, gut
and genitourinary tract. Does the host
find the symbiosis beneficial or harmful?
It is certainly beneficial to ruminants:
without the symbiotic rumen bacteria
that ferment cellulose, the plant matter
in a ruminant’s diet would provide far
less nourishment. What about other ani-
mals, including human beings?

The question has been a controversial
one since the mid-19th century, when
Louis Pasteur proposed that the “nor-
mal” microorganisms (he thus excluded
pathogens) are essential to their hosts’
welfare and probably to their survival.
Pasteur’s hypothesis was badly shaken
when experiments with laboratory ani-
mals proved that successive genera-
tions could be raised quite free of the
supposedly essential microorganisms.
Indeed, Pasteur’s colleague Ilya Ilich
Mechnikov, who became director of
the Pasteur Institute after its founder’s
death in 1895, supported exactly the op-
posite hypothesis. Ruminants notwith-
standing, Mechnikov contended that the
symbionts are competitors that serious-
ly endanger their hosts.

Writing in The New England Journal
of Medicine, Philip A. Mackowiak of
the University of Texas Health Science
Center at Dallas has summarized the ev-
idence, mainly accumulated since the
1960’s, bearing on both hypotheses.
Among many findings that suggest a
harmful role is the observation that cer-
tain strains of intestinal bacteria can
convert nitrate, a common food preserv-
ative, into nitrite, a carcinogen. Other
findings that were taken at first to indi-
cate benefits have proved to be equivo-
cal. For example, various gut bacteria
synthesize vitamins K and By and ri-
boflavin in quantities larger than they
need. There is no evidence, however,
that the surpluses contribute to the host
organisms’ welfare. Lactobacilli inhab-
iting the genitourinary tract have an in-
hibiting effect on the growth of the path-
ogenic bacterium responsible for gonor-
rhea. On the other hand, the majority of
infections in leukemia patients can be
traced to the microorganisms they play
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host to, and in patients with shigella the
bloodstream is often invaded by the mi-
croorganisms ordinarily found only in
the gut.

Much commoner illnesses may also
be traced to resident bacteria. Mackow-
iak reports that analyses of astronauts’
feces indicate a rise in the population of
microorganisms that can induce diar-
rhea. The change seems to be attribut-
able more to anxiety than to weightless-
ness, suggesting that the diarrhea associ-
ated with terrestrial travel abroad may
often be caused less by infection than by
the stress of foreign surroundings.

Mackowiak concludes that neither
Pasteur’s nor Mechnikov’s hypothesis
can be accepted absolutely. “Given the
appropriate circumstances,” he writes,
“each member of the normal resident
flora appears to have the capacity for
helping or harming the host.”

The Truly Needy

¢«A decent provision for the poor is the

true test of civilization,” said Sam-
uel Johnson, who did his part by giv-
ing to beggars and taking in the desti-
tute. More substantial provisions for the
poor had long been embodied in Brit-
ish law and social institutions. Indeed,
virtually all the measures for mitigat-
ing poverty that are now central to so-
cial policy were already well established
early in the 17th century, several gen-
erations before Johnson’s time. They
included government-sponsored work
programs and schools, the direct trans-
fer of wealth by means of taxation and
support payments, subsidized medical
care and the distribution of food and
fuel at reduced prices.

The scope and the organization of
poor relief in 17th-century Britain have
been reviewed over the past 10 years in a
series of publications by Ronald W.
Herlan of the State University of New
York at Brockport. He has concentrated
chiefly on London, but most recently,
writing in Proceedings of the American
Philosophical Society, he has considered
the situation of the poor in Bristol from
about 1600 to 1660. At the start of this
period Bristol was a prosperous city and
port, second only to London as a cen-
ter of commerce, but the decades that
followed were difficult ones. Trade
declined, and then the civil war of the
1640’s severely disrupted the economy
and led to heavy taxation. Bristol was
besieged twice, and there were periods
of famine and epidemic disease. One es-
timate is that 20 percent of Bristol’s pop-
ulation was living in poverty by 1660.
The number of people who required as-
sistance to meet their basic needs was
occasionally large enough to strain the
resources of the city.

Revenue for government programs of
poor relief came primarily from the tax-
es called poor rates, which were “de-
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signed to purchase stocks of materials
to set the able-bodied but unemployed
poor to work, to teach poor children a
gainful occupation by paying their ap-
prenticeship costs and to support the in-
capacitated poor with weekly doles.” A
system of rates-in-aid was set up to di-
vert tax funds from the wealthier parish-
es of the city to the poorer ones. In times
of economic distress taxpayers were
assessed additional amounts, and the
Common Council of the city took emer-
gency measures, such as buying quanti-
ties of grain, butter, coal and other com-
modities for distribution at less than
market cost. In the worst years special
assessments were imposed on the mem-
bers of the council itself, and the city
borrowed from its wealthier citizens.

Public assistance was supplemented
by private charity, which most often
took the form of bequests or endow-
ments. “Through the mandatory taxes
the state assured its disadvantaged
members that a floor of subsistence ex-
isted to maintain them. At the same time
voluntary contributions were encour-
aged to buttress the statutory system.” It
appears the amounts raised by the two
methods were roughly equal.

The administration of both the public
and the private funds was generally the
responsibility of the parish churchward-
ens. Herlan examines in detail the rec-
ords of Temple, a parish south of the
River Avon with a sizable poor popula-
tion. In addition to other sources of rev-
enue Temple parish received a share of
the profits of an annual trade fair. An
accounting for the church year 1654-55
shows that “parish land rentals, bread
receipts and other sources amounted to
£131 9s. 8d. St. Paul’s Fair produced a
profit of £50 11s. 9d. while poor rates
(£25 10s.2d.) and rates-in-aid from four
Bristol parishes (£32 6s.) contributed
another £57 16s. 2d. Total outlays to
assist the poor came to just over £113 or
approximately 59 percent of the £190
10s. 5d. disbursed in that accounting
year.” A decade later the fraction of
parish funds going to poor relief ap-
proached two-thirds.

Herlan points out that compassion
was by no means the only sentiment
motivating efforts to help the disadvan-
taged. The poor rates were instituted as
part of a “national scheme adopted to
prevent begging in the streets, to control
social distress and to regulate the vola-
tile labor market.” The measures taken
in Bristol throughout the 17th century,
Herlan notes, demonstrate “the continu-
ous commitment of that community’s
leaders to dampening possible social up-
heaval from below.” Moreover, wheth-
er the assistance given was prompted
by generosity or self-interest, the re-
sources available were sufficient only
to sustain the poor, not to eliminate
their poverty. “Abolition of their wants
was not even a remote possibility.”
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How digital technology splits

a musical note 44,056 times a second
and then puts it back together beautifully.

Close your eyes and imagine sound so
perfectly reproduced that you can no
longer distinguish between the live per-
formance and the recorded performance.
Now open your eyes. That sound ema-
nates from the new Technics SV-P100
Digital Cassette Recorder by Matsushita
(pronounced Mot-SOOSH-ta) Electric. A
brilliant application of digital technol-
ogy from Matsushita, Japan’s largest
consumer electronics company.

To the music world it’s called “Digital.”” To engineers
it's PCM, Pulse Code Modulation. Either way, it just
may be one of the most important advances made by
the electronics industry since Edison invented the
phonograph.

A child of the computer age, PCM technology splits
a musical signal 44,056 times a second. Then trans-
lates that information into pulses for sound as close
to the original as can be achieved today.

UP TO 100 TIMES MORE DYNAMICS

The technical achievement is awesome. But the results
are even better. Dynamic range is increased up to 100
times when compared with today’s conventional ana-
log recording methods. In fact, even the best profes-
sional analog systems can’t achieve the recording
fidelity of PCM. Undesirable peaks and dips in fre-
quency response are eliminated. Hiss and wow and
flutter are not measurable.

Now Matsushita Electric is bringing PCM technol-
ogy home. Matsushita’s Technics SV-P100 is a com-
pact digital cassette recorder that incorporates state-
of-the-art semiconductor technology. Including two
LSIs that are the equivalent of 25000 conventional
transistors or 500 conventional logic ICs. In the opin-
ion of one audio critic writing about the Technics

SV-P100 in the March, 1982 issue of Stereo Review,
“It was the cleanest sound I have ever recorded.”

WHY TECHNICS IS A LEADER

Over the years, audio engineers have praised other
Technics high-fidelity components. Tuners. Ampli-
fiers. Cassette decks. Direct-drive turntables. Turn-
tables so sophisticated they can even play upside down.
In fact, 85 of the top 100 U.S. radio stations and vir-
tually all of America’s classical music stations that use
turntables use Technics.

COMMITMENT TO RESEARCH

Technological achievements, like the Technics PCM
recorder and other components, are the direct result
of a unique and visionary Matsushita corporate phi-
losophy. As stated by Konosuke Matsushita, the Com-
pany’s founder, “The Company’s true purpose is to
create products and developments that contribute to
a better way of life everywhere.” The depth of this
company’s commitment to that philosophy can be di-
rectly measured by the number of people and the
amount of money devoted to research and develop-
ment. Approximately 10 percent of our personnel in
Japan are assigned to the development of new prod-
ucts and ideas in 23 research laboratories. In 1981,
some $600 million or 37 percent of total sales was
spent on research and development, with an antic-
ipated increase to over S percent of sales, or nearly
$1 billion in the near future.

Around the world, the Matsushita audio, video and
other electronic products that are the result of this
investment in research and development have had an
astonishing impact. In all, Matsushita produces more
than 14,000 different products made by more than
143,000 people for sale in over 130 countries under
the Panasonic, Technics, Quasar and National brand
names. Today Matsushita Electric is Japan’s leading
consumer electronics company with 1981 consoli-
dated worldwide sales of $15.6 billion. And in the
world of business, that’s beautiful music.

MATSUSHITA ELECTRIC

PANASONIC TECHNICS QUASAR NATIONAL
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THE AUTHORS

The 1982 edition of ‘“Japanese Tech-
nology Today’’ is coauthored by Dr.
James C. Abegglen and Mr. Akio Etori.

Dr. Abegglenis Vice-Presidentand Di-
rector of the Boston Consulting Group,
Inc., and concurrently Professor of In-
ternational Management at Sophia Uni-
versity, Tokyo. He has authored numer-
ous articles and books including The
Japanese Factory, a pioneering study
of Japanese corporate organization.

Mr. Akio Etori is an award-winning
and respected writer on science and
technology, having covered these areas
for over 20 years. He is managing editor
of Saiensu, the Japanese language edi-
tion of Scientific American and Japan’s
leading and most prestigious publica-
tion in this field.

1ne Striking ncreasc Iin japanesc Seii-
confidence regarding the nation’s econom-
ic performance has come together with
new technologies to cause still another of
Japan’s periodic national preoccupations.
Japan’s latest “‘boom’’ is being called the
new industrial revolution. Signs of the new
preoccupation are many. Alvin Toffler
rode his Third Wave to national promi-
nence, the best-seller list and a featured
series on Japanese national television. A
leading newspaper held an' international
symposium in May on the “Impact of the
New Industrial Revolution.”” A world’s fair
of technology, Expo ’85, is planned at Ja-
pan’s new science university at Tsukuba to
symbolize Japan’s arrival at world techno-
logical leadership.

Implicitin all this is the view that Japan is
leading this revolution. The economic jour-
nal Toyo Keizai published a special issue
called ““The Impact of the New Industrial
Revolution.” The leading article, by one of
the revolution’s prophets, Professor T. Ishii
of Tokyo University, claims that ““Now Ja-
pan’s century has begun,”” citing especially
Japan’s position in microelectronics and
machine tools and its potential in biotech-
nology.

A sharp increase in Japanese self-con-
fidence should come as no surprise. Ex-
ceptionally vulnerable to raw material
and energy supply problems and price in-
creases, Japan has come through the diffi-
cult past decade in a better position regard-
ing inflation, unemployment and real
economic growth than any other major
economy. The Japanese trade balance is
again firmly positive despite import price
increases and increasing trade barriers. Ja-
pan’s products have won a reputation for
high quality. The achievements are many,

dalld a4 degrcc Or SCii=5>alisiaction 15 appro-
priate.

This is not to say that the evidence indi-
cates that Japan is the technological leader
of a new industrial revolution, if indeed
such a revolution is in fact under way. It is
clear, however, that in several areas Japa-
nese technological progress is proceeding
at an exponential rate, and that in some of
these areas Japan has a strong and even
leading role. An assessment of Japan’s
overall position requires a closer look at
developments and at the part Japan is play-
ing in them.

Discussion of the “‘new industrial revo-
lution”” in Japan begins with microelec-
tronics, and in particular, semiconductors.
From this basic technology, the revolution
is seen especially as comprising applica-
tions in manufacturing technology. Here
Japan’s position in numerically controlled
machine tools and in robots is emphasized,
with robots arousing a more intense inter-
est in Japan than elsewhere.

Computers are seen as part of the revolu-
tion, of course, not least in terms of com-
puter applications in CAD/CAM, but also
in wholly automated factories. Office auto-
mation has a second position to factory
automation in Japan, but facsimile ma-
chines, copiers, word processors, telecom-
munications and optical fiber highways to
link these and other kinds of office equip-
ment are a focus of discussion and of de-
velopment effort.

This seems to be a reversal of the U.S.
pattern. More attention has been paid in
the United States, until recently at least, to
developments in the office. No doubt, this
reflects in part the continuing shift of the
U.S. economy from manufacturing to serv-
ice. Japan, as will be further noted below,

THE COVER

Photographer Henry Wolf contrasts
the tradition of kimono, which dates
back thousands of years, with one of
1982’s latest technological achieve-
ments from Japan, the world’s first one-
chip speech recognition LS| from Mat-
sushita Electric, Japan’s largest consum-
er electronics company. By integrating
spectrum analysis and pattern-matching
circuitry on one chip, the unique speech
recognition LSI (MN-1263) can recog-
nize up to 64 words of a registered
voice. Think of the implications for
consumer products, for the physically
handicapped and for automated pro-
duction lines including robotics.

Art direction and supervision of text
and illustration were provided by Ted
Bates Advertising/New York.
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has concentrated on factory technology
and methods, to its considerable competi-
tive trade advantage. The United States
seems now to be trying to refocus its ef-
forts, but remains most active in office
technologies.

Japan has long been highly receptive to
automation. Take vending machines as a
simple example. There are as many vend-
ing machines in Japan as in the United
States, although Japan has half the popula-
tion of the United States. In a Tokyo neigh-
borhood, vending machines dispense rice,
milk and batteries for household appli-
ances, as well as the usual range of juices,
soft drinks, beer and the like. Japanese
vending machines supply hot noodle meals
as well as reading material, and their distri-
bution is aided by the fact that vandalism is
not a problem.

Machine tools similarly represent the ini-
tial level of automation. Numerical controls
increase the level of automation, while
robots represent a still higher level, and in-
telligent robots will extend automation fur-
ther yet. This appears to be more an evolu-
tionary process than a revolution. It is per-
haps the increasing pace of evolutionary
change in these technologies, as in semi-

conductors, that causes the current, rath-
er romantic Japanese view of a ‘‘new rev-
olution.”

The driving forces behind these changes
in the factory and workplace are, of
course, the semiconductor and the prod-
ucts that semiconductors—or, more broad-
ly, microelectronics—have made possible.
The Japanese position in semiconductors is
well known, publicized in part by the pro-
tests of U.S. producers against Japanese
competitors and their impact in the market-
place. There are at least three aspects of
the Japanese situation with regard to semi-
conductors that represent a recurring Japa-
nese pattern in movement to new technol-
ogies.

First, the basic research and invention in
semiconductors was carried out in the
United States, with Bell Laboratories play-
ing a major role. The Japanese entered the
field rather late, and based their work on
U.S. technology. This is a recurring pattern
and may be seen in striking fashion with
respect to robots.

The second recurring aspect of the semi-
conductor story is that having entered the
field, the Japanese began to close the tech-
nological gap. At least in terms of degree of
integration, each successive generation of
product found the Japanese in a stronger
position than in the previous generation.
The initial gap closes, rather than broadens.
Thus, the Japanese came in a poor second
after U.S. firms in 4K random access mem-
ories; a close second in T6K RAM; and in a
dead heat, at least, in 64K RAM (see Table
7). Hitachi was the first firm, however, to
announce the availability of 256K RAM to
customers for sampling, in 1982, with scale
production announced for 1983. The Japa-

$ Million
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nese apparently are now ahead in this se-
quence of advances.

As a result, Japanese firms are now
among the leaders in production of semi-
conductors and components. Nomura Se-
curities estimated that in 1980 the sales of
Nippon Electric in this product area were
about equal to those of Motorola, with
Texas Instruments still the leader. Hitachi,
Toshiba and National Semiconductor are
closely grouped together behind the three
leaders in sales. These statistics, however,
underestimate the U.S. position, since they
take no account of IBM and ATT, which
produce only for internal consumption,
but must be among the leaders in the
field. (Note, too, that no European firms
are seriously in this competition. Micro-
electronics seems to represent the future,
but the drama is being played out be-
tween Japan and America, with Europe
out of it.)

However, there is a third part to this
pattern. As the chart indicates, while Ja-
pan’s share is increasingly strong in a par-
ticular aspect of the technology, integra-
tion, Japan’s overall position remains dis-
tinctly less powerful than that of the United
States. Also, Japan is relatively weak in log-
ic chips and has a position of no distinction
in microprocessors (similarly an American
invention.) This suggests that, as in factory
automation, Japanese firms do less well in
systems work and in inventing new tech-
nologies than they do in precision manu-
facturing and in engineering.

This is not to underestimate the position
of the Japanese, but rather to suggest that
there is a typical Japanese approach to
technology and that Japan does not yet
have a clear and important position over
the whole range of technological develop-
ment. In this context, another Japanese pat-
tern should be noted (see Table 2). Very
high rates of capital investment are re-
quired to stay in so fast moving a game as
semiconductors. This is a game that the
Japanese are quite prepared to play. If
sheer amount of capital investment deter-
mines the outcome, the U.S. position is in
some danger, as growth rates of Japanese
investment substantially exceed those of
the United States, even though U.S. rates
are high.

The problem for the United States in re-
gard to investment must be worsening now
as a result of U.S. fiscal and monetary poli-
cies as compared with those of Japan. Cur-
rent interest rates in Japan are approxi-
mately eight percent; U.S. interest rates are
more than twice as high. Investment at-
tractive to the Japanese company at its cost
of money may well be impossible fora U.S.
firm to undertake, because of its higher
cost of money. This may well explain some
of the divergence in investment rates indi-
cated in Table 2 and may well force a fur-
ther divergence, which will ultimately be
reflected in the production figures. While
the U.S. government tightens monetary
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came into being. In the beginning, it was a name
and a commitment to the video industry. Back
then, we vowed to do in the video industry
what we had done so notably in audio.

Ouir first product was
LaserDisc.™ It changed
the industry. Already, it
has become the highest
standard for sight-and-
sound reproduction.

We quickly followed
the introduction of Laser-
Disc with the Pioneer®
Projection Television. A
television that offers
nothing less than one of
the sharpest, brightest
pictures ever seen on a
projection TV. It has turned the concept of big-
screen TV from a good idea into an astounding
reality.

This year weve done something perhaps even
more innovative. \X/eve changed the very nature
of television itself. We introduced Foresight.™
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anything ever seen on a standard television
(astoundingly, more than 40% better video reso-
lution); combined with a TV tuner capable of
handling 127 cable-ready channels, all your
video games, VTR and LaserDisc. Clearly, Fore-
sight is the biggest step forward in the quality of
television sight and sound since black-and-white
changed to color.

But Foresight does more than offer a great
picture. It offers great sound. You see, it comes
with a stereo amplifier and 3-way speakers. The
kind youd buy if you were looking for audio
alone. (Or you can use your existingramp and
speakers.) So, for the first time, your TV
system and your hi-fi system are
both parts of the same
system.

Two years
ago we said, 5=
“This is just
the begin- &
ning. Video
is inits infancy. But you can be sure as video
grows, Pioneer will be there leading in its
innovation and development.” In video,
Pioneer is the perfect name for us.
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Does this look like an impossible photo-
graph? It wasnt—for National Geographic
pro and nationally-published Black Star
photojournalist Jim Sugar. And the incredible
Olympus OM-2.

Far above the city lights, Sugar flew—and fired g
his motorized, remote-controlled OM-2 attached
to the plane’s wing. Automatically, he took 36 %
exposures. All were perfect. =

What makes OM-2 perfect for professionals 5
makes it unbeatable for you. Its revolutionary OTF™ S
system sets exposure automatically, off-the-film. So if the *Q‘.-llo sn?
light changes during exposure, OM-2 changes exposure. >
Instantly, automatically. As no ordinary SLR can do.

OM-2 lets you explore new realms in automatic flash photography,
with its unique Olympus electronic flash units. The world’s first with OTF ™-
automatic bounce, close-up and multiple flash control. OM-2 even confirms
exposure accuracy. Most cameras can’t.

And when you're shooting for the top, OM-2 is ready. With dozens of laser-sharp
Olympus lenses, superbly-balanced compact motor drive, 300 professional components
in all. From the OM System—largest compact system in sight.

See the OM-2 now at your Olympus dealer. And, for information and a free poster of Jim Sugar’s
incredible shot, write Dept. 222, Olympus, Woodbury, NY 11797. In Canada: W. Carsen Co. Ltd., Toronto.
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ing, Japan had in place several times the
number of robots as did the United States
and was very far in advance of the rest of
the world. Professor M. Hasegawa of
Waseda University reports on a study by
the American Robot Association on robots
installed in the world (see Table 6). This
report uses a far more generous definition
of robots for countries other than the Unit-
ed States (all statistics on numbers of robots
are suspect because of definition prob-
lems). Whatever the definition, Japan’s un-
usually fast rate of adoption of robots is
clear. At the end of 1981, Japanese were
boasting that they had 100,700 robots at
work in their factories.

Mindful of problems of definition, it is
clar that robot production and use in Ja-
panisin a period of exponential growth. By
some estimates there are now more than
200 companies in Japan producing robots,
many for their internal consumption rather
than—at this point—for the external mar-
ket. In May 1982, Nikkei Sangyo Shimbun
published the results of a survey of the in-
dustry. 63 companies took part in the sur-
vey, including most of the major robot pro-
ducers. Robot production is referred to in
the industry as a ““doubling game’’ accord-
ing to this survey, because the value of
production increased by 108 percent in
1980 over 1979, and by 107 percent in
1981 over 1980.

Japanese producers, it should be not-
ed, have some experience with doubling
games. The exports of numerically con-
trolled lathes doubled each year from 1970
to 1979. Production and export of video
tape recorders have gone through a series
of doublings. Hand-held calculator pro-

duction more than doubled each year from
1967 to 1973.

This Nikkei Sangyo survey gives some
notion of the intensity of effort key compa-
nies are expending on robot development.
Hitachi is reported to have deployed 500
researchers in the field, and four other
companies—Ishikawajima Harima, Mitsu-
bishi Electric, Matsushita Electric and To-
shiba Electric—each have more than 100
researchers on the devices. The thrust of
development is toward higher speeds, sight
and touch sensors and miniaturization. 24
of the companies surveyed are now ex-
porting robots; 10 more plan exports in the
near future.

The value of robot production for these
companies is reported to have been about
$200 million in 1980 and nearing $500
millionin 1981. The Japan Industrial Robot
Association projects values of well over $1
billion by 1985, and well over $2 billion by
1990. For many companies, robot produc-
tion is now rather limited, but as the market
size projections suggest, plans are ambi-
tious. Kawasaki Heavy Industries, Japan’s
pioneer in robot production, plans to in-
crease from its current production level of
70 units per month to more than six times
that level within five years, to 430 units per
month. Fanuc and Kobe Steel are aiming at
500 units per month in five years, while
Mitsubishi Electric has the greatest report-
ed ambitions. While Mitsubishi Electric
now produces only 20 robots monthly, it
states a target of 1,000 per month produc-
tion within five years.

Japan produced some 24,000 robots in
1981 (see Table 7). Another doubling puts
that at 50,000 in 1982. The typical pro-
ducer is apparently planning to triple pro-
duction over the next four to five years,
suggesting output by then of 150,000
to 200,000 units per year. If these levels
of output and installation are achieved, it
might be appropriate to speak of a new
industrial revolution.

As would be expected, this very rapid
growth is resulting in a broadening of the
products, both in types and applications of
robots, and in types of users. It is fairly
often charged that the Japanese definition

TABLE 5
WORLD SHARE IN LEADING PRODUCTS
(Percent)
United West
Japan States Germany
Integrated Circuits (1979) 24 72 4
Computers (1979) 20 70 10
Video Tape Recorders (1979) 95 — 5
Numerical Controls (1979) 62 33 5
: NC Machine Tools (1979) 58 29 13
Aircraft and Aircraft Engines (1978) 3 88 8
Antibiotics (1979) 62 30 8
Source: Moritani, ibid., p. 143 o - -
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[— TABLE 6
NUMBER OF INDUSTRIAL ROBOTS
‘ INSTALLED BY COUNTRY, 1981

Country Number of Units

| Japan 67,435
United States ‘4,100* ;

| West Germany 11,400
USSR 3,000%*
Switzerland 8,050
Czechoslovakia 531 |
United Kingdom 371

“Simple units are not included in the |
U.S. numbers.
**Estimate
Note: No data was available on several
countries, including France and
Source: Nihon no Saishin Gijitsu Series,
(Japan’s Newest Technology),

|
|
Sweden. ‘

Robot Gijitsu Hyakka, p.16

of robots is broad, and takes in manual
manipulators and fixed-sequence robots,
while a more demanding and appropriate
definition is that of a programmable, multi-
purpose manipulator. In the rather pedan-
tic definition of the Robot Institute of
America, a robot is a ‘“‘reprogrammable,
multifunctional manipulator designed to
move material, parts, tools or specialized
devices through variable programmed mo-
tions for the performance of a variety of
tasks.”’

Japanese robot development is moving
fast to bring the level of sophistication of
output up to the most exacting definition.
The year 1980 has been referred to in Ja-
pan as the first year of the robot era, be-
cause of the breadth of acceptance and
the level of technology embodied in the
machines by that time. Playback robot
production nearly tripled in 1981 over
1980, while NC robot production increased
nearly 10 times in that single year. These
are no longer simple “‘pick and place’” ma-
chines.

Just as the level of sophistication of the
robots made in Japan is rapidly increasing,
so is the range of users broadening. As in
the United States, robots in Japan were ini-
tially sold largely to the automobile makers,
and applications were dominated by arc
and spot welding robots. However, in the
first year of the robot era, as Japan sees it,
the electric appliance industry moved
ahead of the auto industry as the principle
user of robotics. Thirty-six percent of ship-
ments in 1980 were to the electrical prod-
ucts industry, and no doubt that trend has
strengthened since. Matsushita Electric In-
dustries has about 5,000 insertion robots in
use now, but its president has announced
that the company expects to have between
50,000 and 60,000 assembly robots in
place by the end of this decade.

After this brief review of robotics in Ja-
pan, it is rather more understandable to
hear the Japanese speak of the new indus-
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TABLE 8
CAPITAL INVESTMENT AND LABOR PRODUCTIVITY

JAPANESE

(Percent)
TECH NOLOCY Rate of
Equipment Capital Stock Labor
TO DAY Investment per Employee, Productivity
to GNP Change per annum Change per annum

Japan Us. Japan uUs. Japan uUs.
1960-1973 159 10.0 10.4 2.6 8.5 22 [
1973-1979 16.2 10.4 6.1 0.9 30 0.5

trial revolution. It is the introduction of mi-
croelectronics into the full range of worker
functions, with emphasis on what the Japa-
nese are calling mechatronics, that is, the
combination of more traditional mechani-
cal technology with electronic technology.
The NC machine tool and the robot are the
epitome of this combination. These tech-
nologies are moving toward sensate ma-
chines and machines that produce ma-
chines. If these technical advances contin-
ue, and they almost certainly will, and if the
social system can tolerate the impact of
these rapid changes, the effect on produc-
tion economics and on the nature of the
manufacturing workplace will indeed be
revolutionary. Japan is currently the leader
in these changes. The Japanese economy
and Japanese society may well lead the
way into this revolution, to the unmanned
factory, and to computer control of entire
production systems.

The history of the Japanese position in
robotics is in many ways reminiscent of
Japan’s movement into other technologies.
A good deal of work on numerical control
and on robots had taken place in the Unit-
ed States in the 1950’s and 1960’s. As is
often the case in the United States, much of
this work was directly or indirectly subsi-
dized by the U.S. government. The U.S.
military, especially the Air Force, spon-
sored NC work. The Atomic Energy Com-
mission was concerned with robots, as was
NASA. The article by R.U. Ayres et a/. doc-
uments much of this history and notes that
““the first industrial robot was marketed by
Plnet Corporation in 1959. It was (and is)
a ‘pick and place’ device.” (Ayres et al.,
op. cit., page 87.) Unimation was next on

Source: Economic Survey of Japan 1980/1981. Economic Planning Agency,
Japanese Government. The Japan Times, Ltd., Tokyo, 1981.
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the scene and remains the leading U.S. pro-
ducer of industrial robots.

A licensing agreement between Unima-
tion and Kawasaki Heavy Industries in
1968 led to the first Japanese manufacture
of robots. The Japanese also entered into
licenses to import robot technology from
Norway, Germany, Sweden and the Unit-
ed Kingdom. Again, this has not been an
instance of Japanese invention (although
no doubt invention will arise from current
Japanese work). The initial discoveries and
developments took place in the West
However, Japan has proved a more fertile
ground for the nurturing of these initial dis-
coveries, and is the undisputed leader in
the field now.

The Japanese are now suppliers of tech-
nology. Ayres and associates note, ““...In
October, 1977, Kawasaki introduced its
Unimate 6000 series multi-arm robots.
While this was a Unimation robot, the con-
tinuous path technology the multi-arm was
based on was developed by Kawasaki.
Since Unimation did not make such a robot
it distributed the Kawasaki Unimates
through its sales organization in Europe and
the United States.” (Ayres et al., op. cit,,
page 96.)

General Motors and Fanuc have agreed
on a joint venture in the United States to
manufacture a machine-tool-loading robot
and an assembly robot designed by Fanuc,
as well as a spray-painting robot now pro-
duced by GM. Hitachi has licensed its mi-
crocomputer-controlled robot technology
to General Electric. Komatsu and Westing-
house are reported to be negotiating a
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to see themselves as leading the world into
a new industrial system. To note the limits
of the Japanese achievement, in that the
Japanese were not the initiators of the tech-
nology, is not to belittle the achievement.
For many decades, U.S. confidence and
pride in its technical achievements was not
limited by the fact that much of the basic
research and invention had been imported
from Western Europe.

Perhaps it is worthwhile here to reiterate
in the context of Japan a point that has
been made before in other contexts. In a
world in which scientific discovery has
been increasing at an exponential rate, and
in which scientific knowledge flows rea-
sonably freely, it is not necessary for a na-
tion to be the source of discovery and in-
vention in order to achieve a high level of
technological sophistication. Rather, if the
economy is a dynamic one, growing rapid-
ly and investing heavily, it will attract in-
ventions and will be the place where those
inventions most quickly reach commercial
application and widespread use. The Unit-
ed States was in that position for a long
time; Japan is in that position now.

To understand the ability of the Japanese
to move so rapidly in microelectronics and
factory automation, it is necessary to un-
derstand the context in which this progress
is taking place. The driving force is invest-
ment in productive facilities and aggressive
competition for market leadership. The fa-
cilitating mechanism is in part the govern-
ment, which by its tax and other initiatives
can encourage—or work to suppress—a di-
rection of development. The setting is the

- technological exchange: Komatsu would workplace, and the quality of the labor

TABLE 7 supply its flexible manufacturing system force, its attitudes and motivations, are de-

ROBOT PRODUCTION IN JAPAN knowhow to Westinghouse, and, of special terminants of whether the technology can
Cumulative interest, Westinghouse would in exchange and will be applied.

Year Units Units supply CAD/CAM technology to Komatsu The issues of high savings and invest-

1968 200 200 (anotherinstance of the stronger U.S. posi- ment have moved to the center stage of

1970 1,700 2,300 tion in software and systems technology.) U.S. discussion in recent years through the

1972 1,700 5,300 In a little over a decade, Japan has taken in ~ ““supply side economics’’ now associated

1974 4200 12.000 a new technology, applied and further de-  with the Reagan administration. Whatever

! ! veloped it, and seized leadership; Japan is the merits of the approaches being fol-

1976 7,200 23,600 now supplying advanced technology to the  lowed in the United States to stimulate sav-

1978 10,100 42,300 leading manufacturers in the West. ings and investment, Japan serves as a pro-

1980 19,900 76,700 It is this achievement in robots, and in  totype of supply side economics and a

1981 24,000 100,700 other mechatronic and electronic fields model for high rates of investment. Gross

i . that has done so much to increase Japanese  capital formation as a percent of gross na-

Source: Japan Industrial Robot Association self-confidence and to cause them to begin  tional product has been 30 percent or
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more in Japan for a long time, compared
with 16 to 18 percent in the United States.
A nation, like a company, can in the long
run grow no faster than itinvests. Japan has
continued to invest heavily and to grow
more rapidly than other economies.

In terms of investment in plant and
equipment, Japan’s rates of increases in in-
vestment have been very high (see Table
8). The growth rates of capital stock per
employee have been several times higher
in Japan than in the United States for the
past twenty years. Not surprisingly, labor
productivity has been increasing several
times more rapidly in Japan than in the
United States over the same period. While
the level of rates of increase in Japan has
fallen in the post—oil crisis period, the ad-
vantage in rate of increase over the Unit-
ed States remains unchanged. Only a sud-
den and quite improbable reversal of this
trend could prevent Japanese levels of out-
put (and subsequent income) from exceed-
ing those of the United States in the near
future.

These are averages, of course, and some
care needs to be used in considering them.
Japan has sectors that are doing very badly.
Notable among these are the energy inten-
sive, raw material and pollution intensive
industries such as nonferrous metals, bulk
petrochemicals, chemical fertilizer, paper
and pulp and oil refining. These industries,
among Japan’s star performers in the late
1950’s and after, are now in deep trouble,
unable to compete with world-scale com-
petitors, and in the process of phasing out
much of their capacity as they yield to off-
shore sources.

Japan’s strength, the focus of investment,

O
increase in productivity are now the mass
production industries in the middle range
of the technology spectrum. It is in the pro-
duction of machinery—autos, cameras,
copiers, electrical appliances, machine
tools, and the like—that Japan now has
competitive advantage. As seen, the shift
within this broad area is to higher levels of
technology and value-added, especially
through the application of microelectronic
technology.

In these production and engineering
based industries, leading Japanese produc-
ers have achieved startling levels of pro-
duction efficiency. In a recent study by an
American automobile company, the con-
clusion was reached that Japanese produc-
tivity exceeds that of the U.S. company in
its American and European plants by about
three times overall, when comparable pro-
duction units are compared (see Table 9).
The Japanese company has higher direct
labor productivity, much lower overhead
rates, and the work force operates with
much less supervision.

In this comparison of automobile com-
panies, the U.S. observers reported no un-
usual technology in the Japanese plants;
the machines used were familiar. What
they found instead was that in Japanese
plants meticulous care was taken in each
step of the total production process, with
less space required; machine cycle times
were slower, but the machines were uti-
lized to a far greater extent; setup time on
the machines was very fast (five minutes,
compared with four or five hours in U.S.
plants); and the levels of work in process
inventories were very low. Much of the
increased efficiency is credited to the Kan-
ban system of ‘‘just-in-time’’ production
and inventory delivery.

Kanban deserves detailed analysis as a
system, and no doubt the term will become
increasingly familiar abroad as one of those
rare Japanese words, like tsunami and su-
shi, that enter Western vocabularies. The
system has already been misunderstood
and abused in the West by some compa-
nies as a means of squeezing parts suppliers
and subcontractors. It is not such a system.
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TABLE 9

PRODUCTIVITY COMPARISON OF
JAPANESE AND AMERICAN COMPETITORS
(Indexed to the Japanese Competitor)

Japanese American Competitor
Competitor Plant 1 Plant 2

Units/ Day 100 105 86
Labor/Unit/Day

Direct 79 146 121

Indirect 17 221 96

Salaried and Other 4 _67 _25

Total 100 434 252

—
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duction and inventory scheduling that, in
time, is extended to suppliers as well to
maximize the advantages of the entire sys-
tem. It focuses on eliminating all waste in
the system—waste of time and of materials.

Kanban was developed through the
1960’s and 1970’s, with Toyota as the pio-
neer. (Remember the Toyota Group as first
Japanese users of a robot.) The system re-
quires very high levels of investment in the
most modern machine tools and tooling,
and encourages the rapid introduction of
automation in the factory. These automa-
tion devices provide the further great ad-
vantage of improving quality. Thus a loop is
closed.

Japanese companies began early to de-
velop quality control circles, efforts to mo-
tivate employees to work together to im-
prove output levels and quality. Kanban as
a system took advantage of the quality con-
trol circle by focusing on fully utilizing the
workers’ abilities. This in turn has led to a
willingness to introduce more sophisticat-
ed production methods, and again, quality
is improved.

What is noteworthy in this development
by Japanese producers of Kanban is, first,
the preoccupation of the Japanese compa-
ny with production engineering and the fo-
cus of management attention on the shop
floor. This alone is in marked contrast with
many Western companies in the 1960-
1980 period. The second aspect is the will-
ingness to invest in machinery and tools to
improve output and quality. The result is
the Japanese advantage in overall produc-
tivity increases that have been noted, de-
spite the existence of sectors in which
competitiveness can no longer be main-
tained.

Frequently, too much is made in West-
ern analysis of Japanese use of bank bor-
rowings to explain this willingness to in-
vest. Toyota has no bank debt, for exam-
ple, nor does Matsushita Electric. These
two giant companies have used bank bor-
rowings in the past, during their periods of
early growth. They no longer need to do
so, and have paid down their borrowings.
Certainly there is a willingness of Japanese
banks to extend levels of credit that would
be impossible in the West. This does not
explain the investment level, however.
Rather, it simply describes one source of
investment funds. It might be noted too
that the ability of Japanese banks to take
very large positions in companies is due in
no small part to their conviction that the
central banking authorities will avoid a
credit crunch and will maintain sufficient
liquidity in the system to make these levels
of loans tolerable. Not all Western central
banks have such credibility.

Investment in plant and equipment is the
one way for the Japanese company to se-
cure its future. Businesses in Japan cannot
be disinvested, through sale for example. A
company cannot grow by purchase of an-
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other successful company. Yet with a fixed
labor force, and the close identity between
company and employee that prevails in
Japan, the company’s future must be
secured, and this can only be done by
improving cost position, quality, product
design and general international competi-
tiveness. This compulsion is no less for
medium-sized and smaller companies. In-
deed, it is this small business sector that in
Japan has become a principal market for
NC machine tools and promises to be
a major market for robots.

One of the notable aspects of automated
factory systems as they are now emerging
is their suitability for small runs of parts and
for rapid changes in production mix. To a
large degree, this type of automation re-
moves some of the advantage of scale pro-
duction. Put another way, it makes possible
the production of a wide variety of parts
and products without incurring the cost
penalty that might otherwise be encoun-
tered. NC machines and robots can be rap-
idly switched from one type of run to an-
other without the machine downtime that
results on traditional equipment. When
Kanban is combined with this machine ca-
pability, to help ensure no cost handicap
from parts and product inventory, the re-
sult is very high levels of productivity and
cost efficiency. This is what is happening
now in Japan’s mass production industries.

Just as high levels of equipment invest-
ment and a management focus on produc-
tion efficiency are the driving force behind
Japan’s move to a new industrial revolu-
tion, so the Japanese government plays an
important role as facilitator of the process.

government was especially farsighted in
identifying robots as a key sector for en-
couragement. The early interest in import-
ing the technology and in entering into ro-
bot production was entirely on the part of
the private sector.

However, as private sector interest
grew, government attention was drawn to
the field. Industrial robotics was one of the
industries designated for promotion under
the 1971 law for Provisional Measures to
Promote Specific Electronic and Machin-
ery Industries. This law included tax and
financial provisions to promote the im-
provement of Japanese production tech-
nology. In recent years, government sup-
port for industrial robot development has
become even more specific and concrete.

From 1978, under the Special Measures
Law Concerning the Promotion of Specific
Machinery and Information Industries, any
company installing a robot can write off
12.5 percent of the cost in the first year in
addition to normal depreciation. This law
also allowed small- and medium-sized
companies to obtain low-interest loans
through the Small Business Finance Corpo-
ration in order to purchase robots.

As interest has intensified, other mea-
sures have been taken. According to the
Japan Economic Institute’s report No. 46,
'’24 robot makers and ten insurance com-
panies formed the Japan Robot Leasing
Company, Ltd. (JAROL) this past April
(1980) to enable small and medium sized
manufacturers that cannot afford to buy
robots outright to lease them. Using funds
supplied by the government-owned Japan
Development Bank as well as their own
monies, JAROL buys robots from builders
and then leases them to qualified buyers on
terms more advantageous than those of-
fered by Japan’s 40 or so leasing compa-
nies. (So far, the leasing companies have
shown little interest in robots, as indicated
by the fact that they handled only about 10
percent of all robots sales in Japan last
year.) Equally important, JAROL which is
similar to the highly successful Japan Elec-
tronic Computer Company, Ltd. provides

TABLE 10
EDUCATION LEVEL OF NEW ENTRANTS TO THE LABOR FORCE

Number of Middle

Entrants School
Year (K) (%)
1950 832 86
1955 1,125 62
1960 1,376 49
1965 1,500 42
1970 1,374 20
1975 1,042 9
1980 1,103 6

Higher College and

School University Total

_ (%) (%) (%)
14 Less than 1 100
30 8 100
42 9 100
47 1 100
59 21 100
57 34 100
55 39 100

Source: Appendix 132, Waga Kuni no. Kyoiku Suijun (The Educational Level of Our Country),

1980 Edition, Ministry of Education, Tokyo, 1981
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ices to its customers.”’

Indeed, now that the world has entered
“the era of robots,” the field of robotics
has received the official cachet of becom-
ing the subject of a project of the Ministry
of International Trade and Industry (MITI).
MITI had earlier sponsored work on un-
manned factories and on flexible manufac-
turing systems. The field is not a new one
for the Ministry, which is highly aware of
and responsive to emerging interests of its
constituency, Japan’s manufacturers.

MITI’s proposed project on robots is am-
bitious, as described by The Japan Eco-
nomic Journal on May 18, 1982. ““The
Ministry of International Trade and Indus-
try has decided to launch from fiscal 1983
a semi-long range joint government-indus-
try project to develop highly intelligent ro-
bots for scientific, economic and social
purposes.

““This is because it feels that the many
different types of robots so far developed in
Japan are still far from satisfactory or in the
‘stage of infancy,’ although Japan’s robot
industry may be internationally rated as the
best developed.

“The seven-year project, starting from
April, next year, will involve spending 17
billion yen, though this still is subject to the
government’s budgetary approval. It calls
for spending 2 billion yen in the first year
for fundamental research and undertak-
ing of the entire research and development
job by a joint research association to be
formed by the Electro-technical Laboratory
of MITI’s Agency of Industrial Science and
Technology, and about 10 major robot,
computer and machine makers.

““The specific study themes will be to: 1)
create a high-sensitivity sensor capable of
‘seeing’ and ‘touching’ for object recogni-
tion; 2) develop an ultra-midget high-effi-
ciency processor to control its ‘sense of
vision’; 3) produce a new high-versatility
robot arm placing everything at a high pre-
cision and moving everything including
heavyweight objects; 4) develop a new
high-efficiency motor specializing in work-
ing the wanted robots; and 5) reduce the
weights of the proposed robots far below
the existing ones and find out the best ma-
terials to make the wanted robots. Univer-
sally applicable types of intelligent robots
are the most desirable.”

This will be recognized immediately as a
MITI initiative parallel to the program in
very-large-scale integrated circuits of the
1970’s. The era of the robot has indeed
arrived if the field is seen to warrant an
effort of this magnitude. If the amounts of
government money involved seem small
(and they are), it needs to be remembered
that this is seed money and will be multi-
plied by the investments of participating
companies in the program.

In other words, the field of industrial ro-
bots is now getting the sort of attention that
the Japanese government has paid to com-
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puters and semiconductors. As with those
areas, the government did not take the ini-
tiative in directing the attention of industry
to the field. On the contrary, the initiatives
were from Japan’s thrusting, probing pri-
vate sector. Now, however, the govern-
ment has putin place the tax, financing and
development support to encourage rapid
further growth in the field.

We come now to the heart of the matter
in considering the probability of this new
industrial revolution taking place in Japan.
The technology is in place, or within reach.
Management is willing and able to invest.
The government is encouraging the devel-
opment of factories of the future. Ultimate-
ly, however, the feasibility and pace of
these potentially revolutionary changes in
the mode of production rests with the abili-
ty and willingness of the work force to co-
operate with and support the changes.

The real test of all this is yetto come. The
population of robots remains small, al-
though it is growing explosively. The full
magnitude of the potential change is per-
haps not yet clear. What are the prospects
for the Japanese labor force accommodat-
ing itself to these changes in the 1980’s?

Two great currents of change in the na-
ture of the Japanese labor force must be
considered when evaluating the probable
reaction to full automation. The first is the
explosive increase in the level of education
over the past generation. The second is the
profound change in the age structure of the
working population that will occur in Japan
over the next two decades.

A generation ago, in the mid-1950’s,
most of the new entrants to the labor force
in Japan were graduated from middle
school (see Table 70). That is, most chil-

education and then entered the labor
force. It was not until the mid-1960’s that
as many as 10 percent attended colleges
and universities before entering the labor
force.

At the present time, virtually all new en-
trants to the Japanese labor force have
completed higher school, and nearly none
end their education at the middle school
level. The proportion entering the labor
force from institutions of higher learning is
now very much higher in Japan than in
Western Europe and is approximately at
U.S. levels.

Clearly, the kind of work that these cur-
rent new entrants to the labor force are
capable of handling is very much different
than those of 20 years ago or so. Further-
more, one can assume that the kind of
work these higher school and college grad-
uates are willing to do is very different than
that of the middle school graduates of a
generation ago. Routine assembly line
work is unlikely to satisfy these new em-
ployees. Further, the price they can com-
mand on the labor market makes it uneco-
nomical to employ them in routine jobs for
very long.

Note in Table 10 as well that the number
of new entrants to the labor force peaked in
the mid-1960’s in Japan and has been de-
clining rapidly since. Itis a simple and ines-
capable fact that the Japanese economy
and Japanese companies are faced with the
prospect of a work force diminishing in size
and increasing in age.

The consequences of all this are wide
ranging and profound. Consider first the
issue of an incareasingly demanding and ca-
pable work force, at an increasingly high
price level. This is not a problem peculiar to
Japan, although the change has taken place
there in an especially short period of time.
West Germany, for example, has many of
the demographic characteristics of Japan,
in the sense of a declining younger popula-
tion and relatively high priced labor.

The problem of who will do the simple
and dirty tasks has in Western Europe and
the United States largely been dealt with by
immigration. The gastarbeiter of West Ger-
many, the Hispanic immigrant to the Unit-

France have provided a new source of in-
expensive and relatively undemanding la-
borers. This has had the effect of keeping in
place longer than was appropriate those
labor-intensive businesses and industries
that properly, from a long-term industry
structure point of view, should have been
exported to less developed countries. That
is, rather than exporting the jobs that are no
longer appropriate for the economy’s stage
of development, labor was imported. In-
deed, a striking characteristic of the United
States in the 1970’s was the large number
of new jobs added in the economy—addi-
tions to the total employment. The United
States atleast seems to have moved toward
being more labor intensive than capital in-
tensive.

The consequences of the use of immi-
grant labor are only now becoming clear.
First, its use has greatly delayed the restruc-
turing of these Western economies, which
are now trying to deal with high levels of
unemployment and with the consequences
of remaining overlong in inappropriate in-
dustries. Government attention is focused
on preserving employment rather than on
redirecting and increasing the flow of capi-
tal investment to higher-value sectors. Fur-
ther, a major social problem and social
cost has been created by the difficulties of
integrating this immigrant labor into the so-
ciety and providing social welfare facilities
to deal with the economic and social prob-
lems now created.

In the case of Japan, there has been no
immigration, despite the very large num-
bers of underemployed and low wage rate
Asians in nearby countries. Of all the devel-
oped countries, Japan would seem in the
best position to use immigrant labor to per-
form the low-level jobs, and from the rapid
increase in the size of the economy, rapid
run-up in wage rates, and decreasing sup-
ply of younger labor, Japan would seem
mostin need of immigrant labor. However,
politically and socially, substantial immi-
gration into Japan is simply not possible or
acceptable.

As a result, there has been a massive
transfer of textile, light assembly and other
low-value-added operations from Japan to
such neighboring, low-labor-rate countries
as South Korea and Taiwan. This relieves

some of the pressure on the proper utiliza-
tion of a highly educated and priced work
force. It also has very much assisted Japan
in dealing with the industry restructuring

TABLE 11
INTERNATIONAL COMPARISON OF SOCIAL SECURITY LEVELS

Contributions as Percent of Population R X
Percent of Over 65 Years of Age being forced on the developed economies
National Income At Present year 2000 by changes in the world economic envi-

Japan 127% 9.3% 15.6% ronment. ,

United States 16.5 1.2 12.2 There remains, however, the question of
United Kingdom 19.9 145 14.9 whg is to do the simple, repetitive jobs in
the industries that the Japanese economy is
West Germany 287 15.3 15.5 now focused on. Itis at this point that facto-
France 28.9 141 14.2 ry automation becomes feasible and at-
Sweden 36.2 15.9 15.9 tractive. In many jobs, automation can to a
good degree substitute for less-skilled la-

L SOl:IrCB.' Asahi Shimbun Reporting Ministry oiHeaIth aEd Welfare_ﬁrldlfg | bor. The robot is becoming an economical-
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ly attractive labor substitute. By one esti-
mate of the robot industry, the relative
price of a robot to a worker dropped in the
1970’s from about four times to 1.4 times,
owing to rapid wage increases on one hand
and increasingly competitive pricing of ro-
bots through cost improvements in pro-
duction on the other hand. This trend will
certainly continue, so that the robot be-
comes a cost effective labor substitute,
even without taking account of the fact that
the robot requires no fringe benefits or holi-
days, can work extra shifts, needs no tea
breaks, does not engage in labor disputes
and provides a consistent level of quality
output that human labor cannot supply.

The second great and inexorable change
taking place with respect to the Japanese
labor force is the shift in age structure. Dur-
ing a period of massive effort to bring the
national budget under control, a 12 per-
cent increase in social welfare payments in
1981 over 1980 became a major news sto-
ry. Contributions to social security as a per-
cent of national income are not yet high in
Japan compared with other developed
countries (see Table 77). However, this is
not because the payments are small in
terms of level of social security support.
Rather, this is largely due to the smaller
proportion of aged persons in the popula-
tion of Japan now, relative to Western Eu-
rope especially.

However, within two decades Japan will
have as large a proportion of its population
more than 65 years of age as any other
country in the world. This is due both to a
steadily falling birth rate and to a quite re-
markable extension of life expectancy in
the postwar period with greatly improved
health services delivery systems. The con-

SCUQUCHICES OF il Tcuucuort 1 wic nditi=
ber of new entrants to the labor force and
great increase in the aged population
would seem to be a quite rapid decline
in the potential for economic growth in Ja-
pan. A principal resource factor will be
in slowly growing supply and quality (see
Table 72).

The development of robots and their po-
tential for further development may mean
that Japan can continue to substitute capital
for labor and in the future do so quite liter-
ally in that the capital. will supply labor-
equivalent robots. Japan’s highly educated
labor force can then be increasingly fo-
cused on those jobs in which only human
capabilities can be employed. It is interest-
ing to speculate as to whether this provides
the potential to raise per capita incomes in
Japan to unprecedented heights.

This review of the two sweeping changes
in the labor force, education level and age
structure, makes clear enough the need
and opportunity for Japan to move toward
very high levels of automation. The issue
remains, however, of the willingness of the
labor force to acquiesce in this move.

To what seems from a Western view an
unusual degree, there has so far been little
controversy in Japan about the shift to au-
tomation and the enthusiasm for the intro-
duction of robots. This is understandable in
that the robot population remains small
and has been dedicated largely to repeti-
tious, hazardous and dirty jobs that the
work force can give up with pleasure and
relief.

There is a further factor that limits J apa-
nese resistance to automation. That is the
general pattern of employment practices in
Japan. In large firms at least, employment
for the full career of the full-time male em-
ployee is assured. He will not be laid-off or
discharged except under the most extreme
of conditions. Further, his compensation
remains largely determined by the length of
his service with the firm. Thus, the intro-
duction of technology represents no threat
either to job security or even to compensa-
tion. Rather, to the extent that the new
technology improves corporate profitabili-
ty and security, it similarly improves the
employees’ compensation and security.

Source: Japan Ecoromic Research Center

TABLE 12
JAPAN'S AGING POPULATION

Total Working Age Structure of
Population Population Working Population (%)
(K) 15-44 45-59 60-
1960 93,419 45,110 68.7 221 9.3
1970 103,720 51,530 69.5 21.7 8.8
1980 116,916 56,500 62.5 28.2 9.3
1990 124,261 63,500 575 31.2 11.5
2000 129,234 66,630 52.5 33.7 13.7

Note: Japan’s population peaks in numbers about 2010 at about 132 million and declines
thereafter to about 109 million in 2050 by these projections.
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States, new and labor-saving technology is
properly seen as a threat, and the Luddites
of the beginning of the industrial revolution
have their counterparts today. Especially in
Western Europe, the preoccupation with
the potential threat to employment of the
new technologies seems great. This is curi-
ous, because the history of the industrial
revolution has been that each major ad-
vance in technological level brings with it
correspondingly larger employment op-
portunities. It may well be that the current
industrial structure rigidities of Western Eu-
rope cause this heightened anxiety about
the employment impact of new technolo-
gies, especially microelectronics.

In any event, the pattern of employment
relations in Japanese firms seems especially
favorable to the rapid introduction of high
levels of automation in the workplace.

This applies as well to the structure of
industrial relations and to the issue of trade
unions. As would be expected, large manu-
facturing companies tend to be the most
heavily unionized. Overall union member-
ship in Japan is about 30 percent of the
labor force, a lower proportion than West-
ern Europe but a higher proportion than in
the United States. The striking feature of
Japan’s industrial unions is that they are
organized along company lines rather than
by skill or industry. Thus a rather close
identification is possible between the inter-
ests of the union and the interests of the
company.

This is not to say that Japanese labor
relations are simply benign. The union is
meant as a check on management on be-
half of the labor force and operates as such
a check. It is to say, however, that the
strength and continuation of the union de-
pends on the strength and continuation of
the company, and there is a clear limit on
the extent to which the union is prepared
to damage or constrain the interests of the
company.

The union of Matsushita Electric Indus-
tries has been one of the first to speak di-
rectly to the question of the introduction of
robots. As was noted above, Matsushita
Electric has announced that it plans the
introduction of some 50,000 to 60,000 as-
sembled robots over the next decade.

The union has recently taken a public
position on the issue. It first made clear that
it does not oppose the introduction of ro-
bots. It has, however, stated that it insists
that three principles be observed regarding
their introduction.

The first principle of the Matsushita un-
ion is that there be established a system for
prior consultation with the union regarding
plans for robot introduction. Second, the
union expects that job security will be rec-
ognized and provided and that retraining
and reeducation programs will be intro-
duced to assist worker adjustment to new
tasks. The third principle is that improve-
ments in productivity will be distributed to
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Most cassette recordings just aren’t
faithful to the way the music was orig-
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made on two-head machines. And two-
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The new Sony TC-K 555 is without
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heads—one to erase, one to record and
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put it another way—you hear more music.

Now;, others offer three-head decks,
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dent Suspension system.This remarkable
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loss caused by the alignment errors so
prevalent in other systems.

And the K555 also includes closed-
loop dual capstan drive for superior tape
tension and reduced modulation noise.
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more precise sound, but exposes more
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posed to the heads, the more music
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for maximum performance no matter
what tape type.

And of course, three heads also give
you the added benefit of instantaneous
off-the-tape monitoring. It’s one more
assurance that the quality of the recorded
music will be faithful to the quality of
the original.

Other outstanding features: every-
thing from Dolby’s newest, most advanced
noise reduction system, Dolby C¥* to a
state-of-the-art linear time counter which
measures elapsed tape time in minutes
and seconds, instead of inches.

So if sound is as important to you as
it is to Sony, insist on the cassette deck
that captures more music on an inch of
tape than most decks can on a mile—the
K 555 from Sony.
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the labor force in the form of shortened
work hours.

The Federation of Metal Workers has re-
cently taken a similar position. It cited its
affirmative stance toward robot introduc-

tion, but under four conditions; 1) discus-

sion with the union; 2) employment and
working conditions maintained; 3) distribu-
tion of productivity improvements; and 4)
proper attertion to safety and health as-
pects of robot introduction. This union
group also took note of the need for special
consideration for middle-aged and older
workers, whose problems of retraining and
reassignment are likely to be greater than
those of younger workers.

This concern with the impact of the
robot on older employees seems at first
glance curious. It might be expected that it
would be the younger employees who are
more often on repetitious jobs. Reference
to the earlier data on education helps to
explain the point. In the Japanese labor
force, in addition to the normal increased
difficulties of educating older persons, the
older part of the labor force is much less
well-educated. Their potential for reeduca-
tion and retraining is less, and therefore
they are a greater source of anxiety in terms
of being displaced by automation. They are
too, by the way, higher paid and it is in the
company’s interest to displace older em-
ployees first. Thus the union concern over
automation in Japan focuses on older em-
ployees.

A quite detailed study of the probable
impact of microelectronics on employ-
ment was published in May 1982 by the
prestigious Association for Scientific Tech-

nology and tconomics.® In this study, In-
dustry was divided into three groups, ac-
cording to the expected impact of micro-
electronics on the industry. The greatest
impact is expected on A Group—electric
and electronic industries, information in-
dustry, telecommunications, precision in-
struments and aerospace. Transport equip-
ment, gereral machinery and industrial
machinery make up B Group, in which
moderate impact is expected. Steel, non-
ferrous metals, chemicals, pharmaceuti-
cals, food, petroleum, glass, paper and
pulp and construction make up C Group,
in which little impact on employment is
expected.

Looking ahead to 1985, overall manu-
facturing employment is expected to in-
crease slightly (see Table 73). In the A In-
dustry Group, where the greatest impact
from microelectronics is expected, a rather
substantial increase in employment is ex-
pected. The C Industry Group will be nega-
tively impacted in terms of employment,
suffering a decline in number of jobs with-
out the berefits of increased growth. The
numbers overall simply confirm again the
fact that overall employment benrefits from
advances in techmology.

This analysis goes on to attempt a quali-
tative assessment of impact, and like the
unions, idertifies older employees as being
in a difficult position. The conclusions are
as follows:

There will be a reduction in employment
positions for workers employed in simple
tasks. Because of the necessity of shifting to
specialized work, middle-aged and older
persons who have difficulty in readjusting
will present a problem.

Skill requirements will change and there
will be a need for employees with multiple
skills.

Employment will increase in research
and development, planning, production
line supervision, security and the like, and
there will be a decrease in employment in
production and material handling.

The broadening of the scope of the
workplace will make for increased worker

TABLE 13

INFLUENCE OF MIC-ROELECTRONICS ON EMPLOYMENT IN 1985
| (Thousand Employees)

| Amount of
| 1980 1985 Change from
I Employment Employment Change Microelectronics [
A Industry
| Group 1,630 1,780 150 390
B Industry
Group 1,980 2,040 60 20
C Industry
Group 7,320 7,200 —-120 -250
Total 10,930 11,020 90 160
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TABLE 14

HOURS WORKED PER YEAR
IN MANUFACTURING
(Excluding Part-time Workers)

Total Hours
Japan 2,164
United States 1,987
West Germany 1,766
France 1,813
United Kingdom 2,031

Source: Rodo Mondai Kenkyu linkai
(Labor Problems Study Committee)
(Nikkeiren)

motivation. However, job opportunities for
older workers and for female workers will
be reduced.

Because of the changes in the workplace
and in job situations, reeducation and re-
training will be important.

The Japanese unions’ request for short-
er work hours in consequence of greater
automation seems an entirely reasonable
one. There has been virtually no increase in
25 years in the number of Japanese compa-
nies that work a simple five-day week. Fur-
ther, the number of hours worked per year
by Japanese workers in manufacturing con-
tinues to be larger than in other courtries
(see Table 74). In Japan there is not yet the
practice of extended holiday closing of
plants, although the number of holidays
and vacation days per year is increasing.

The Japanese Ministry of Labor recently
ruled that overtime hours worked in indus-
try (with a number of noted exceptions)
should no longer exceed fifty hours per
month. While that seems a great deal of
overtime, Japanese unions expressed the
view that a new law will be needed to keep
overtime within this limit.

The room for reduction in work hours is
considerable and will be another factor in
easing the adjustment to automation. From
the labor cost side, the improvements in
productivity and resultant reduction in la-
bor costs per unit will make possible reduc-
tions in working hours and real increases in
wages without driving unit labor costs up.

It may be concluded that in the factories
of Japan the stage is being set for still anoth-
er phase of increases in efficiency. There
seem to be no insurmountable obstacles to
moving to yet higher levels of automation
and productivity, and the technology for
the new moves and the management initia-
tives are in place or in development. This
may not corstitute a new industrial revolu-
tion, but certainly can result in massive
changes in the nature of the factory and the

3Microelectronics no Shakaiteki Kokusaiteki Eik-
yo (The Social and International Impact of Mi-
croelectronics). Kagaku Gijutsu to Keizai no Kai.
Tokyo, 1982.
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role of labor in the factory. The prospect of
being able to free the labor force from
dirty, hazardous, monotonous and dreary
tasks to work at a higher level of compe-
tence and dignity is an exciting one.

As this discussion implies, in Japan the
focus on automation has been in the facto-
ry. It is only now that the office is being
included. The reason is rather clear. Owing
to the complexities of the written language,
the first Japanese language word processor
did not reach the market until 1979. In that
year, Toshiba introduced the first machine,
priced at nearly $30,000. Despite the price
level, production grew to 2,500 units in
1980 and to 10,000 units in 1981. Prices
by early 1982 had dropped to under
1,000,000 yen, or to less than $4,000 per
unit—nearly one-tenth of the initial price.
(The performance and features of the ma-
chines have been increasing along with the
price drop.) 1982 production is estimated
to reach 60,000 units. Given this explosive
growth, no company has a dominant posi-
tion yet and 34 companies are reported to
have entered into production. Robots were
termed a ““doubling game.” Office auto-
mation equipment, at this very early stage,
is a “tripling game,”’ at least. Just as the
output of word processors tripled from
1980 to 1981, so did the output in Japan of
personal computers. This product had an
earlier start, and 320,000 units were pro-
duced in 1981—290 percent more than
in 1980. As in the United States, pricing
and distribution of personal computers is
moving the product rapidly in the direc-
tion of becoming a new household appli-
ance, with youngsters playing with the ma-
chines in department stores, in discount
shops and in specialized outlets. Nippon
Electric Company dominates this market
with a more than 40 percent share of pro-
duction.

The delay in moving to office automa-
tion was in large part due to the problems
of dealing with written Japanese. There are
two phonetic scripts for writing in Japanese
in addition to the Chinese-derived charac-
ters. All three writing systems are usable,
and are often used, in a single sentence.
Each phonetic script has about 50 symbols,
while the ordinary written language re-
quires no less than 2,000 and more gener-
ally 3,500 to 5,000 of the written charac-
ters. The problems of input, retrieval and
output of this mass of symbols have been
enormous. Only the development of more
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powerful memory systems has made Japa-
nese language word processors possible,
and thus their introduction was long de-
layed compared with Roman-letter writing
systems.

It is generally agreed that the office sys-
tem in Japan has substantial inefficiencies,
though they have seldom been measured.
The most striking problem, at least to West-
erners, has had to do with the typing of
letters in Japanese. The Japanese language
typewriter is about the size of an office
desk, with a cumbersome and extraordi-
narily slow method of retrieving the type-
face for a character, stamping it and replac-
ing it. The process is quite like a very old
printing machine. Generally only formal,
and for obvious reasons, very brief letters
have been typed.

The results of these difficulties with typ-
ing have had their positive aspects. The
facsimile market has become very large,
since facsimile machines can transmit
handwritten documents with ease. Facsim-
ile machines worth a total of $450 million
were produced in Japan last year, including
small models advertised on television by
the national telephone company. Japan has
taken the lead in world facsimile technolo-
gy and production, having been forced to
focus on this product by the awkwardness
of its written language.

The situation with copying machines is
similar. Japan produced 900,000 copiers
last year, the market dominated by Ricoh
with an over 40 percent share. These tend
to be smaller than Western machines on
the whole, because they also are intended
to make copying of handwritten docu-
ments reasonably rapid and inexpensive.

Penetration of the corporate market by
these new devices—Japanese language
word processors and personal comput-
ers—appears to be rapid. Despite their re-
cent introduction, a survey by Nihon Keizai
Shimbun to which 78 companies respond-
ed showed that 58 of the 78 companies
already had a total of 792 word processors,
and 55 of the 78 companies had a total of
3,210 personal computers.

Thus the devices for increased automa-
tion of office activities are beginning to be
put in place. Production of the older prod-
ucts—facsimile machines, office comput-
ers and copiers—is increasing currently by
25 to 35 percent annually, with output of
the newer devices at least tripling. The next
step is to begin to integrate these devices
into systems. Nippon Electric has already
announced the installation of optical fiber
highway systems that will allow integration
of telephone exchanges, building mainte-
nance systems and the various office de-
vices in terms of an integrated carrying sys-
tem for digital and voice messages and
storage. Clearly, the Japanese office is on
the verge of sweeping changes in produc-
tivity levels and job content. There is no
evident reason to expect that the process
will be slower in the office than in the fac-
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tory as the technology becomes available.
Indeed, if the suggestions of low office effi-
ciency are accurate, the changes in the of-
fice may be more rapid and drastic than in
the factory. Again, there is no reason to
believe that resistance to these changes
will be a substantial obstacle to there taking
place.

The anxieties commonly expressed in
the West about automation, including in-
dustrial robots, center on the impact on
employment. As noted, this is a concernin
Japan as well, but the concern is tempered
by two facts. First, job security in Japan, in
the large firms at least, is a reality. Second,
Japanese unemployment levels are rela-
tively low—slightly over two percent of the
work force by Japanese definition, and per-
haps twice that level by the broader U.S.
definition.

Further, it was only a decade ago that the
principal bottleneck to continued rapid
economic growth in Japan was seen as a
labor shortage. While memories of the anx-
iety have faded, it is clear that the drop in
new entrants to the labor force and the
aging of the labor force would limit Japan’s
economic growth potential. Automation of
the factory and office may well be the solu-
tion to this problem. Machines substitute
for humans, and that limit on growth is thus
removed. Finally, a labor force as well-
educated as Japan’s must be deployed in
more valuable and complex tasks than rep-
etitious office and factory work. Automa-
tion can fill the void that is left as the la-
bor force is upgraded in skills and sophis-
tication.

When Japanese executives are asked to
assess Japan’s current technological posi-
tion and prospects, there is a rather broad
range of views. Whatever their judgment
on the technological race, they tend to
share a view of the Japanese as being differ-
ent in important ways from other peoples.
Almost without exception they see them-
selves and their companies in a competi-
tion against foreign firms.

Mr. Nobutoshi Kihara, Executive Man-
aging Director of Sony, is unusually confi-
dent of Japan’s position and of his compa-
ny’s development capabilities. ‘I really do
not think the technological development of
other countries is so high. | have seen many
foreign social systems, and people who
have the natural quality, the sense for inno-
vation, are really very few. Polaroid’s Dr.
Land is one.

““You cannot produce a new product if
you do not have that sense. Even if you hit
on a real possibility, you will not come up
with the right idea if you do not have that
sense. MAVICA, Sony’s announced new
electronic camera, is just such a case. |
myself, looking back on my work on MAV-
ICA, realize that | have that sense. You can
get a lot of people together, and get a lot of
noise, but if you want a complete device,
you finally come down to one or two peo-
ple. | do not know about other companies,
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Turbo, BMW, and Mercedes Benz! Motor Trend
described Supra as "the stuff car nuts dream
about...one of those cars that only comes along
every ten years or so.”

The right shape. An all-new
aerodynamic wedge design so ;
clean it actually has a lower
coefficient of drag than a
Porsche 928!
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The right engine. Open the hood
and those twin aluminum valve covers tell the
world this is no ordinary power plant — this is
a high-revving Twin-Cam Six! And it's electroni-
cally fuel injected for optimum response.

The right interior. A driver's sport
seat with 8 different adjustments —even pneu-
matically-regulated lumbar support! Plus full
instrumentation, and an electronic AM/FM/MPX
stereo receiver with 5 speakers. All standard.

The right handling. 4-wheel indepen-
dent suspension, with power-assisted 4-wheel
ventilated disc brakes. Variable assist power
rack-and-pinion steering. 5-speed overdrive
transmission. And more,

The 1982 Celica Supra. As Motor Trend
summed up, "By our standards, calling this car
' the right stuff...is an
understatement!”




JAPANESE
TECHNOLOGY

TODAY

but there are a lot of these kinds of people
in Sony.”

Dr. Takeo Yamamoto, Managing Direc-
tor of Pioneer Electronics, is similarly op-
timistic about the prospects for Japan.
Speaking to the subject of industrial robots,
he states, ‘“The export of robots is often
called the export of unemployment. But
this depends on how robots are used. It
would be best if they are used where
human error is frequent or where human
accuracy is insufficient. In any event, |
think Japan will keep its lead in robots,
because we are backed up with superior
electronics.”

Many Japanese executives see the gen-
eral field of combined electronics and
mechanics, ““mechatronics,” as especially
suited to Japan’s needs and strengths. Mr.
Sakae Shimizu, Director and General Man-
ager of Technical Planning and Coordina-
tion for Toshiba, believes that ““Japan can
hold its lead in production technology and
mechatronics for the next ten years. In
terms of product output, the energy prob-
lem is our Achilles’ heel. We have only
people as a resource. Since we are a coun-
try that sells human intelligence to buy
food and energy, the development of me-
chatronic technology suits our needs. Fur-
ther, | think that the Japanese people are
given to the pursuit of precision. We get
orders both from foreign and Japanese cus-
tomers, but the )Japanese customers are
much more demanding. Thus, the reason
for Japanese leadership in this field is both
in terms of needs and in terms of special
characteristics of the Japanese people.

“Further, the introduction of robots does
away with dirty work, and in the case of
Japan there is no resistance to this. Abroad,
dirty work is done by immigrants in many
cases, but there then is the problem of how
to deal with the immigrants. Also in the
Japanese case, in terms of increasing pro-
ductivity, the unions are enterprise unions
and there is no commitment to not chang-
ing jobs. In foreign countries, skill unions
are frequent and there is a good deal of
resistance to the introduction of robots. In
Japan, there is, in the final reckoning, a high
awareness of the advantages and disadvan-
tages to the company, and therefore there
is acceptance of the need for increased
productivity.”

Dr. Motokazu Uchida, Director, Re-
search and Development Center, Hitachi,
also believes that new technologies can
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more reaaily be introauced into japan than
elsewhere. ““In the case of Japan, the Japa-
nese have a special feature of liking new
things. In order to survive in a competitive
society, old things are discarded and new
technology is moved to rapidly. The reason
for Japanese superiority is perhaps due to
this. Japanese consumers also have this
special characteristic.

““Machines will become like people.
People take information from their senses
and give instructions from the brain to
move their hands and feet. Machines also
will pick up condtions from sensors and
with information control from electronics
will move according to instructions. Cur-
rently the most advanced aspect is the
brain of microelectronics that manages in-
formation. The developments needed now
are the sensors and activators.

“’Currently a subject of much discussion
in Europe is the impact of microelectronics
on employment. This is not much dis-
cussed in Japan. The Japanese are flexible
and have a high level of information. They
feel that if some useless work is taken
away, other work will be there. That is a
special characteristic of the Japanese peo-
ple, | feel. They don’t worry that if a ma-
chine does certain tasks, all of the work will
be taken away. The objective for introduc-
ing robots is to remove monotonous work
that people dislike and hazardous work.
There are simple tasks that machines can
do and there is work that is not so simple
that can only be done by people.”

The general judgment that the competi-
tion for progress in technological develop-
ment in electronics and related areas is be-
tween Japan and the United States is firmly
held by Mr. Yoshihiro Yasui, Managing Di-
rector of Brother Industries. “‘Europe lags
very much in a sense of computers. Their
electronics industry itself is rather small. In
the case of West Germany, importance is
still placed on skill and the meister system
still remains. Therefore they do certainly
have an accumulation of technology, but
further progress now is slow. In terms of
advances in electronics, itis Japan and the
United States. Getting a personal computer
and playing with it wholeheartedly while
still in grammar school, and then learning
BASIC while playing with the keyboard—
that is a reflection of this to be seen both in
the United States and Japan.”’

The exceptionally high productivity of
the Japanese steel industry is well recog-
nized, and it is clear that this has come
from considerable automation. Dr. Toshio
Ikeshima, former Executive Vice-President
of Sumitomo Metal Industries, analyzes the
comparative positions of Japan and the
United States regarding automation in this
industry. ““The biggest difference between
Japan and the United States in our industry
is in the operation of equipment by com-
puter. We probably need not worry about
being overtaken by the United States,
whatever is done there. We at Sumitomo
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vietal Inaustries nave many requests (o
provide computer control software. How-
ever, software applications to different
manufacturing processes take a great deal
of time. Further, because there are many
computer makers, differences in equip-
ment make a difference as well. Software
workers need to be company employees, |
believe. In the United States, their numbers
are few and their compensationis high. Itis
unreasonable to expect the U.S. industry to
hire large numbers soon.

“If one is investing in a new factory, itis
rather easy and efficient to automate. But if
the equipment is old and the factory is to be
renovated, it is very time consuming and
not very efficient to introduce comput-
er controls. This is the usual problem of
old equipment, not limited to the United
States. Further, in America office functions
are rather automated, but because they do
not look on factory work as high class, soft-
ware specialists in America are not much
inclined to get into factory-related work.”

Some executives see problems in Japan’s
efforts to build a leadership position in
technology. Mr. Tsunesaburo Watanabe,
Senior Managing Director, Olympus Opti-
cal Company, is proud of his company’s
new laser disk, announced for market intro-
duction shortly. He feels his company has
in hand an advanced memory device for
computer use that is unique. However, he
states, ‘“Japan may hold its lead in technol-
ogy but we must fill out our basic research
more. Leaving out the biggest companies,
corporate research is devoted only to
product development. More national bud-
get must be spent on national research cen-
ters. These should not be subject to gov-
ernmental instructions, but, | think, should
be focused on free research. Again, per-
haps by joint research between universities
and companies, there might be more than
simply the expression of narrow interests.”’

Mr. Minoru Suzuki, Managng Director
of Asahi Optical Company, also has con-
cerns about Japan’s future position and
feels attention needs to be directed to the
educational system. ““I think it will be diffi-
cultfor Japan to hold its technological posi-
tion. Our present situation is nothing more
than the result of working desperately hard
and shows the difference in the quality of
workers. From a technological point of
view, while we certainly have some prod-
ucts that are superior, the United States is
well ahead overall in leading technologies.
Therefore, if they move to full automation
with robots, we will face a difficult sit-
uation.

““In order to survive, it will be necessary
both to move to automation and un-
manned plants and to raise and extend the
level of education of the personnel that are
freed up. Such measures as going to a six-
year from a four-year university training are
needed. Specialist courses at the university
are generally only two years, and that is
too short. It is difficult to train scientists
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in a company, since they need an atmo-
sphere of freedom, and there is no room
for that where everyone is working ex-
tremely hard.”

Dr. Shunkichi Kisaka, Executive Vice-
President, Matsushita Electric, has broad-
er concerns about Japan’s prospects. ‘‘In
thinking about Japan’s situation, a first
point is that Japan is a country without reli-
gion. A second point is the national charac-
teristic that, if a given direction is defined,
everyone rushes in that direction together.
For example, when it was understood
that the thing to aim at was miniaturiza-
tion, this became the most desirable goal
for the Japanese. Given a clear direction,
the sequence is investment-rationaliza-
tion—cost reduction—quality improvement.
But in life sciences, aerospace and ocean-
ic development, there was no such group
agreement. We can give up in those areas.
We are ten to fifteen years behind and
cannot catch up.

’On the other hand, when we start run-
ning in a direction, there is no brake. Per-
haps we do not have the brake of religion.
If you are religious, you believe that if while
living you have lived to excess then when
you die you must apologize as you go to
the place of the gods. Wedo not have that;
we are not that kind of country.

“Speaking of machines and electronics,
the machines are working in place of peo-
ple. We must rethink the role of people
because of the problem of possible aliena-
tion. In the coming era, how will people
use their time? Will they spend it in read-
ing? Will they spend it in more imaginative
work? Will they spend it in artistic activi-
ties? | do not know, but whether we like
it or not, these are problems that will be
arising.”’

While there is general agreement that
robots will be increasingly used, Mr. Sho
Masujima, Managing Director, TDK Elec-
tronics, introduces a note of caution. “‘I
have the feeling that automation may be
taken to extremes. When building a robot,
do you make the robot fully electronic? Or
do you include a mechanical controller in
the robot? | feel that electronics are now
being used to an unreasonable extent. It is
necessary to keep a balance between the
strong points of mechanics and the strong
points of electronics.

‘“Japanese design is rather preudiced
toward electronics. In our case, while we
at one point went entirely to robots for the
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adtomatc assembly Ol CassS€etles, we nave
now gone back a bit. We tried for complete
automation through electronics, but found
we had a good deal of loss, which caused
us to return to some more mechanical
systems.”’

The pioneering firm in robotics in Ja-
pan has been Kawasaki Heavy Industries.
Mr. Gensuke Okada, Managing Director of
that company, also believes that robots
need modification. ‘“Rather than a single
function machine, as work requirements
change there is need for a ‘teach and re-
peat’ capability. If taught, the machine will
remember and repeat the function. This is
of course a special feature of human work-
ers. | believe the potential advantage of the
robot is that it can do things in the same
way as humans, but moreover does not tire
and is not subject to failure. However, be-
cause we began with a single function ma-
chine, there has been too much holding
to that concept, and we have not gotten
rid of the notion. We need to move to at-
taching various sensors to industrial ro-
bots, although in truth, the kinds of func-
tions necessary are extremely difficult to
define.”

Not all companies have moved to robots
rapidly. The changes in technology require
new ways of thinking and new skills, and
changes are not always economical, in the
view of Mr. Reijiro Ando, Director of Daini
Seikosha. “‘At first, our product was not an
electronic watch, but rather an electric
watch. There have been problems in mak-
ing the transition arising from the differ-
ences in point of view of the mechanical
people and the electronic people. The first
phase of effort is to achieve mutual under-
standing. The second phase is bringing the
two groups together. However, the third
stage is the most difficult. Electronic back-
grounds are fine, and mechanical back-
grounds are fine, but there are very few
people who represent a combination of the
two. It is no good to have gaps at the
boundaries between the two approaches.
From now on, we must have technicians
combining these abilities. That is the third
phase.

“In our own case, we are not yet using
welding or painting robots. Even where we
do not have complex operations, fixed ma-
chines are still in wide use. We do now
have unmanned parts manufacture, but we
have not yet gotten to unmanned assem-
bly. Technologically we can use robots, but
it would still be uneconomical.”

However, despite some concerns over
Japan’s technological future and problems
with moving rapidly into the application of
electronics to production, the general view
of senior Japanese executives about Ja-
pan’s position and prospects is a positive
one.

Mr. Hideo Sugiura, Executive Vice-Presi-
dent of Honda Motor Company, states,
“There is a difference in the way in which
Japanese and Westerners display creativi-
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ty. Inatis, the base on wnicn the countries
depend is different. The Japanese focus on
practical products, and thus tend not to
show creativity in basic research. How-
ever, | do not think this is from lack of
creativity. Of course the number of Japa-
nese Nobelists in science is few, but that is
because the numbers pursuing basic sci-
ence are few. It might be said that the soil
is thin.

““Japan is in the situation where in order
to eat, we must sell things to other coun-
tries. Since 1945, we have been raised to
think in that fashion. Previously we were a
closed country. While we possess a unique
culture, there was no exchange of informa-
tion with the world. The West has a history
of scientific research since the Renais-
sance, and it is this difference in historical
climate—in addition to the thought that
there is a thin layer of basic science—that
gives an impression of lack of creativity.

““However, in terms of comnsumers and
their needs, we are rather superior to other
countries. America has a big American
market, and it is enough to stay within it.
Europe is able to limit itself to Europe. That
is the difference in situation compared to
us. The conception that you must adapt to
suit others is foreign to Westerners. For us,
if weare trying to get something sold, how-
ever minor, we are thinking of others and
their life styles and tastes.”

Similarly, Mr. Susumu Aizawa, Senior
Managing Director, Epson Shimshu Seiki
Co., Ltd., believes circumstances have lim-
ited Japanese scientific effort until recently.
““Itis said that to be successful one must be
the first to grasp customers needs, but |
believe one must imagine needs even more
in advance. It is said that Japan is an imita-
tive society that has taken the technology
of advanced nations and prospered indus-
trially without using imagination or creativi-
ty. I have a different view. Until now, Japa-
nese engineers could only proceed in that
way, introducing foreign technology and
working full out to make it a reality. How-
ever, that does not mean that they are un-
able to develop new technology. Under
Japan’s conditions, efforts at a new techno-
logical revolution would have been absurd.
But from now to the future, we have no
other road but to move from leading edge
to leading edge in technology. Seen in this
way, the future strength of Japanese engi-
neers will not be in technology improve-
ment but will be directed to introducing
entirely new technologies.”

General optimism about the ability to in-
troduce new technologies is represented
by the remarks of Mr. Sachio Hata, Manag-
er of the Electrical and Electronics Division
of Toyo Kogyo. ““We are finally moving
toward unmanned production. First in
parts manufacture, and then in assembly.
Where volumes are high, we have already
gotten near this target, and we are making
the changes by using robots.

““Basically | think it can be done. There



are still a number of problems that need to
be solved. However, the issue of a conflict
between automation and human happiness
does not seem to trouble the Japanese. The
Japanese view seems to be that the auto-
mation of production will free human be-
ings and will greatly increase human well-
being. Perhaps after all the Japanese are
rather innocent. They seem to feel that it is
a good thing to have the machine doing the
work while being able to make the same
money. Perhaps it is due to the high level of
education, but they have responded clev-
erly to the changes made so far and have
adaptability regarding changes made in the
workplace.”

Office automation is still an emerging
field in Japan. Dr. Fusao Mori, Managing
Director, Mitsubishi Electric, comments
that ““Office management is a matter of
society and culture. In the case of the Unit-
ed States, office areas are divided very
carefully. ‘You are from here to there.’ In
Japan the area is vaguely defined and one
cannot really say how far one’s space ex-
tends. In strict logic, the U.S. way is more
advanced. Similarly, English is easy to han-
dle and fits a word processor very well.
However, Japanese is difficult, and the in-
troduction of a word processor was ex-
pected to be long delayed. In the event, it
developed unexpectedly fast.

““A reason for the rather fast develop-
ment of the Japanese word processor is
that it is not yet at the level of sophistication
hoped for ideally. The machine cannot
make a judgment from context as to which
character is to be printed. The problem is
like that of using a dictionary while typing
Japanese. Despite this, the machines are
selling well. Electronic engineers are high-
handed, aren’t they? Word processors
have only part of the functions they are
likely to have someday. Still, there is a mar-
ket that says that the overall value is suffi-
cient. A number of electronic products are
like that. For example, the computer is still
in its first stages. If people could speak to
the computer, in ordinary language, its
power would be greatly increased.

““We can expect rapid application of
these technologies in Japan. There are dif-
ferences in social structure that affect this.
The Europeans and Americans feel that if
welding robots are used, there will be un-
employment in the welding industry. How-
ever, in Japan, there is little anxiety be-
cause it is known that the worker will be
moved to something else. The Westerners
have individualism; the Japanese have
companyism.”’

Sanyo Electric has a considerable com-
mitment to office automation and to the
information industry. Dr. Masaru Yamano,
Executive Managing Director of the com-
pany, takes a world view of possible devel-
opments. “Industry receives the initial ben-
efits from an information society. How-
ever, information is not simply a national
matter. It is an international concern. Even

now, there are systems by which computer
calculations can be done fromanywhere in
the world using phone lines. Therefore, the
development of the information society is
not just a matter of Japan. We must devel-
op a language for speaking throughout the
world. This technology must not be a mo-
nopoly but must be open to all. I think it will
be necessary to build systems that take ac-
count of the society and customs of others.
Of course, it must be supplied economical-
ly, but I think the Japanese can do that.

““In the case of writing, the script will be
Roman letters, but in the next generation
resistance to English will be overcome and
we can have a language that is a mixture of
English and Japanese. The information is
not our only major weapon, but | think it
can work well for the prosperity of the next
generation. Japan does not have raw mate-
rials. Therefore, industries that are based
on raw material are of no use to us. In that
sense, the information industry is the direc-
tion in which Japan must look.”

Specific applications of electronics are
being examined by major Japanese compa-
nies. Mr. Shoichi Ninomiya, Managing Di-
rector of Fujitsu, sees increased computer
controls widely applied. ““Our develop-
ments in automation have come out of our
own needs in the production of semicon-
ductors and electronic devices. This is true
not only of Fanuc in numeric controls and
robots but also in our new company called
Fujitsu Automation. Automation is an abso-
lute necessity to bring costs down and al-
low variation in product.

““There are of course a great many future
applications of mechatronics. Take the ex-
ample of vehicles. It is a nuisance to drive
such vehicles as forklifts, bulldozers, and
power shovels. These are machines that
require various kinds of manipulations. If
electronics were introduced, it would be-
come possible to operate them very sim-
ply. However, it could not be done with a
simple program. There would be a need to
change responses according to specific
conditions. Thus it will be important to
have the judgment of an on-time sensor.

It would be necessary to think both of
an information-providing sensor and of
computerized controls. The computer
would need to be small and cheap, rather
like a personal computer.”’

In optics applications of electronics, Mr.
Shoichiro Yoshida, General Manager, Nip-
pon Kogaku, refers to production technolo-
gy. “‘The special feature of our company is
optics. Until now optics and mechanics
have been combined in optical equip-
ment—cameras, telescopes, binoculars
and the like. Optics and mechanics have fit
well together. Now, however, with auto-
focus and other developments, electronics
has entered the field, forming a trinity. Our
present products might be called optical
electronic machinery.

““In terms of future products, equipment
for the production of VLSIs will require ex-
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tremely fine etching of lines on the silicon
base, and there will be a need for control
technology for this process. This is a com-
bination of electronics with the corre-
sponding mechanics, and since light will be
used, of course optics technology will be
added.”

Automobile producers, the first to apply
new technologies to production, are also
speculating about electronics applications
in their products. Mr. Masatoshi Morita,
Senior Managing Director, Toyota Motor
Corporation, says, ‘“The adaptability of
electronics to the automobile will widen. |
would guess that electronics parts and
equipment will account for 10 to 15 per-
cent of the cost. These applications are on
a rising slope now, and where they will
peak is not known. Looking at total costs,
many speculate that it will become 15
percent of the total automobile cost. At
present, depending on the model, itis at
most eight percent and usually five to six
percent.

““Perhaps now is the time for thinking of
robots and their application to autos. We
are seeing an aging society and under such
conditions it is important to make driving
safe and easy. However, | do not expect
realy major changes in the next 10 years
between humans and the automobile. 1
think rather that it will be a matter of con-
sidering how much of the human element
to include in the automobile.”

Mitsubishi Motors is also plnning exten-
sive use of electronics in their products.
Mr. Shinji Seki, Managing Director, notes
that ““There is no limit to the possible use of
electronics in the auto. There is a link in
automatic transmission controls. There is
an advantage in introducing electronics to
prevent skids and to improve fuel con-
sumption.

‘ Again, there is the possible use of mi-
croprocessors to control emissions. The
automobile telephone, as it becomes more
widely used, will provide a simple means
to provide information on road conditions
after indicating destination. Voice recogni-
tion equipment when it is developed will
allow hands-free driving. It should be pos-
sible to go that far.”

Still, for all of their enthusiasm for the
new technologies and product applica-
tions, Japan’s business executives remain
focused on the consumer and the consum-
er’s needs and wishes. The Victor Compa-
ny of Japan is a leader in moving Japan to a
virtual world monopoly in the production
of videotape recorders. Victor has been a
pioneer in what may well be the next gen-
eration product, video disks. However,
Mr. Toshiya Inoue, Senior Managing Direc-
tor, notes his care in timing of market en-
try. “’From a technical point of view there
are no particular problems now with the
video disk. However, the market intro-
duction has been postponed. If we sent
them to shops under present conditions,
they would draw a large crowd of cus-
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tomers. But whether people would buy or
not is the question. For that reason, there-
fore, we are waiting a while. Even with
humans, one wants a child born in a good
environment, and might want to wait a
while before the child is born. The prod-
uct’s level of development and reliability
is high; it is easy to handle; the price is

suitable. There is now the issue of timing."”’

Japan has moved very rapidly to techno-
logical parity with other nations in a wide
range of product areas. From a strong base
in micaoelectronics, applications of this
technology to manufacturing in particular
has now progressed to the point where Jap-
anese businessmen can seriously discuss a
new indwstrial revolution, a revolution to
be led by Japan and powered by Japanese
technology. Japan’s relative weaknesses in
basic research are clear, not least to the
Japanese, and are likely to be overcome.
The prospect is for Japan to become a ma-
jor source of a whole range of discoveries
and inventions for the world over the com-
ing decades.

The West has been surprised by this de-
velopment and seeks often to belittle or
demean the achievement. The late Lord

Snow, in his posthumowly published book
on modern physics, as an aside to his main
arguments, spoke most effectively to these
Western attitudes.

...Japan is worth particular notice.
The Japanese scientists, technologists,
technocrats, have shown skills and origi-
nality in all this electronic apotheosis
which quite out-class the West’s. That
ought to surprise no one who has given the
most perfunctory attention to Japanese vi-
sual art or literature or pure science. For
hundreds of years, the culture has been
wildly original, something oddly different
from any other among the sons of men. It
was an instance of Western blindness not
to discover that simple fact.” 4

4C. P. Snow. The Physicists. Macmillan London
Limited. London, 1981, pages 159-160.
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its exceptional value versus BMW 3201,

There are many sim-
ilarities between the
Mazda 626 Sport Coupe
and the BMW 320i. But
as you begin to study
these two exceptional
road cars, one major dif-
ference stands out.

The 626 stands for
exceptional value.

It's also an excep-
tional automobile. The
626 handles like a sports
car. Rides like a full-size
car. Looks like an expen-
sive European road car.
And gets gas mileage

like an economy car
37 2 626 is an
EST hwy. mpg EST. mpg engag_
ing mixture of sophisti-
cation and sport. A car
that is quick and precise
through turns. Yet
roomy and comfortable
through lon%tn ps.
Perhaps best of all,
the 626 offers you all
this at an astonishingly
low price.
roof that among the
world’s fine road cars,
the Mazda 626 Sport

Coupe not only stands
out. But stands alone as
a remarkable value.

A ROAD CAR THAT
KNOWS HOW TO
HANDLE THE ROAD.
The 626 owes its superb
handling characteristics,
in part, to its almost
perfect balance.
51% of its weight
rests on the front
wheels, 49% on
the rear. In addi-
tion to this nearly ideal
weight distribution,

L—”W

the 626's center of grav-
ity is just 20.3 inches off
the ground.

The cornering ability
of the 626 is particularly
impressive. For example,
skidpad tests conducted
by Road & Track maga-
zine showed that the
Mazda 626 scored
- 0.760g for lateral
acceleration.

In two years of
,,,Er testing, only one
road car in its
class, the Audi Coupe,

scored higher.

0.39. (The Mazda RX-7
sports car attains 0.34.)

STANDARD FEATURES
ON THE MAZDA 626.
*2.0 litre overhead
cam 4-cylinder engine
* 5-speed overdrive
transmission (3-speed
automatic optional)

* Steel-belted radial tires
* Power-assisted front
disc brakes ¢ Full-width
velour upholstery « AM/
FM stereo radio * 60/40
split fold-down rear seat
backs * Remote trunk
release * Front and rear
stabilizer bars

1982 Mazda
626 Sport Coupe

¥7545"

*1982 EPA estimates for comparison
purposes for 626 Sport Coupe. The
mileage you get may vary with trip
length, speed and weather Actual
highway mileage will probably be
less.

**Manufacturer’s suggested retail
price for 626 Sport Coupe. Actual
prices set by dealers. Taxes, license,
freight, options (wide tires/al.
wheels $350-$400) and other dealer
charges extra. I'rices may change
without notice.

Performance data and comparisons
with vehicles based on ’81 tests and
information. For ‘82 they may vary,
as may availability at dealers of
vehicles with specific features.

ADVANCED EXCEPTIONAL

AERODYNAMICS AID RESALE VALUE.

PERFORMANCE. Like other world-class
Aerodynamicefficiency | road cars, the Mazda 626
contributes to a car’s per- | has exceptionally high
formance. So the Mazda | resale value. According
626 was designed to to the Kelley Blue Book,
reduce air turbulence, Nov.-Dec. 1981, the 1979
from the slant of its Mazda 626 Sport
grille to the Z ———= Coupe has
shape - ,-;_.},'_ ol \ l : retamed
of 1t1:s)‘. . I A
rear '; T = : - = ) C)q 0%
win- \.-' ——— =t = AP )= of its
dow. No original
wonder the 626 achieves | suggested retail price.
a low drag coefficient of -

=, .
m The more you look, the more you hke.J
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Fiber optics.
A thread of light more powerful
than 10,000 telephone lines.

One tiny Toshiba fiber-optic
thread, less than 4/1000ths of an inch
thick, can handle as much information
as 10,000 ordinary telephone lines.

Light carries the message. Not
electricity. And 10 million pulses of
light per second can be sent or
received with incredible accuracy.

Why is light so accurate? Because it
doesn’t need amplification. And it’s
not affected by electromagnetic

interference.

Toshiba fiber-optic communications
systems now play vital roles in
power-generating and oil-refining
industries. They are also helping
highway and subway systems move
more efficiently and safely.

Fiber-optic technology is unlocking
tomorrow’s communications. Where
Toshiba leads the revolution. Today.
And Tomorrow.

In Touch with Tomorrow

TOSHIBA

TOSHIBA CORPORATION 10kv0. JaPAN

Heavy Electric Equipment

Industrial Electronics

Consumer Electronics & Appliances
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SCIENTIFIC SAIENSU, the Japanese-language edition of SCIENTIFIC
. AMERICAN, is Japan's largest and most prestigious
INVESTIGACION Y publication covering science and technology.
C I EN C IA Japan is the world’s third largest industrial power, trailing
SCIENTIFIC only the United States and the Soviet Union. Their gross
thei m peid & AMBRICAN national product is growing faster than that of any
L e - other nation and has surpassed the U.S. and Russia on a

per-capita basis.

'H"r I yz The more than 32,000 professional-technicals and managers

A . that read SAIENSU are guiding the technological phoenix of
:(“' :?‘E:}:(\ ,',:m modern Japan. They're educated — 86% hold university
— degrees. And they're affluent — 40% have household

incomes that place them in their country’s top income group

l 11 S( I Ii N/L SAIENSU readers are making decisions for Japan's businesé,

industrial, governmental and financial future.
cioe s 5 SCIENTIFIC We soeak the | ( more than 3.000.000 warld
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AMERICAN e speak the language of more than 3,000,000 wo

shakers in 140 countries each month. We reach the people
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who make the future happen in Japanese, Chinese, French,
Spanish, Italian, German and English.

For more information contact:

Michiaki Akasu

Nikkei International

The Nihon Keizai Shimbun

No. 9-5, 1-Chome

Otemachi, Chiyoda-ku

Tokyo 100, Japan

Telephone (011-813) 270-0251
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Artificial Intelligence

Computer programs not only play games but also process visual

information, learn from experience and understand some natural

language. The most challenging task is simulating common sense

he idea that the digital computer

will someday match or exceed the

intellectual abilities of human be-
ings has been put forward repeatedly
ever since the computer was invented.
In the early days of computing the as-
sertion was without an empirical basis:
the programs of the computer could no
more be expected to reason, plan, learn,
sense, formulate concepts, use language
or think creatively than could their me-
chanical predecessors in the art of simu-
lation: the puppet, the windup toy sol-
dier and the music box. Moreover, the
idea that intelligence itself might require
atheoretical framework for its explana-
tion was scarcely acknowledged. Intelli-
gence was considered a transparent con-
cept, and if it were to be recognized in a
machine, the intellectual powers of the
machine would have to be almost indis-
tinguishable from those of a human be-
ing. Thus early computers were called
electronic brains, and John von Neu-
mann, one of the architects of the kind
of computer in commonest use today,
formulated explicit analogies between
the computer and the brain. Many peo-
ple still associate data with human
knowledge, the operation of a program
with decision making, the trace or ongo-
ing record of the program’s operation
with the stream of consciousness and the
acquisition of data with learning.

In the past 20 or 25 years the new
discipline of artificial intelligence has
put to rest some of the more naive anal-
ogies between the computer and the
brain and has begun the task of placing
the concept of intelligence on a theoreti-
cal footing. For the practitioners of the
discipline the computer is a laboratory
in which to develop new ways of think-
ing about thinking. Computer programs
written by investigators in artificial in-
telligence have demonstrated conclu-
sively that in certain activities (including
activities most people would say require
intelligence, such as playing games) the
computer can outperform a human be-
ing. Recent programs have demonstrat-
ed that the computer can even develop
elaborate theories about a limited do-
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main such as arithmetic from a few sim-
ple axioms. At the same time the under-
standing of various features of human
intelligence has been considerably en-
riched by the attempt to describe ana-
logues of those features in the detail nec-
essary for writing a program. As a result
the analogy relating the performance of
the computer to that of human intelli-
gence has broadened and matured.

Consider learning: In people learning
seems to be intimately related to growth
and changes in the physical structure
of the brain, but the hardware of a com-
puter does not undergo any analogous
changes. The programs of a comput-
er, however, can change in a variety
of ways: they can accumulate data, or-
ganize it and even modify themselves.
Hence workers in artificial intelligence
have suggested that complex programs,
and particularly those that can alter
their own operations, may be good mod-
els of human learning. Such models, like
other models in science, do not dupli-
cate the phenomenon they are meant to
represent in all its detail. For example,
the operations of a computer that em-
bodies a “learning” program bear no ex-
planatory relation to human learning as
it is realized in the firing patterns of
brain cells and nerve cells. Neverthe-
less, the computer model of intelligence
is flexible enough to be formulated at
whatever level of detail is considered
appropriate for highlighting the essen-
tial functions of human thinking.

Here I shall attempt to convey an
idea of the kinds of results that can
be achieved by programs in artificial in-
telligence. Most of the programs I shall
discuss are well-known approaches to
major problem areas in the field, and
my descriptions are intended primarily
to make clear the main contributions of
each program. I have therefore favored
programs whose operation can be ex-
plained succinctly. What follows should
be read more as an introduction to the
field than as a summary of it.

One of the constant themes in artifi-
cial intelligence has been how best to
explore a range of possible actions in the
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pursuit of well-defined goals. In general
for every action taken new possible ac-
tions become available, and so the plan-
ning of a sequence of actions must con-
sider a branching structure of possible
states called a search tree. The tree is
generally shown inverted, with the root
at the top. The root is the current situa-
tion, the branches are the possible ac-
tions and the ends of the branches are
the possible outcomes. One or more of
the outcomes may correspond to the
goal of the search.

Heuristic Search

Exploring the full range of possible
actions in all possible sequences would
be equivalent to tracing every branch of
the tree and would guarantee that the
optimum sequence would be identified.
In many cases, however, the search tree
is so large that a complete search is not
feasible. Therefore in most artificial-in-
telligence programs heuristic principles,
or informal rules of thumb, are incorpo-
rated so that the most promising actions
are selected for further examination ear-
ly in the search and the less promis-
ing ones are eliminated from full-scale
consideration. Heuristic principles are
effective and practical in most circum-
stances and they shorten the search, but
their application cannot guarantee that
the optimum result will be found. Heu-
ristic-search methods are commonly
employed in programs that enable a ro-
bot to plan the manipulation of objects
or to plan its own movement in space.

Programs that play games such as
chess, checkers and backgammon are in-
formative examples of the application
of the heuristically guided search. Many
of the programs now play at the level of
the expert or master human player; a
program called Mighty Bee, written by
Hans Berliner of Carnegie-Mellon Uni-
versity, defeated the world backgam-
mon champion in 1979. Probably the
most intense interest has been focused
on programs that play chess, and virtu-
ally all chess programs devised since the
1950’s are based on a heuristic-search



model developed by Claude E. Shannon
at Bell Laboratories.

When a chess program is choosing a
move, the program must somehow eval-
uate the position that results from each
candidate move. The evaluation can be
done by means of a scoring system such
as one based on the value of each piece
and on the gravity of the threat to
any piece that can be captured on the
next move [see illustration on page 121].
Many programs also incorporate such
factors as the strength of the pawns’ po-
sitions, the degree of control over the
center of the board and the number of
pieces mobilized. The program plays to
maximize the score.

The heuristic principles incorporated
into a chess program control the breadth
and the depth of the search tree the pro-
gram explores in looking for the best
move. Generally the program calculates
the score for every legal move from a
given position. It can then consider the
opponent’s responses to each of these
moves and its own range of counter-
moves for each response. Early in the
process, however, some selection of
moves must be made or the number of
positions to be evaluated will become
impractical. It is in making the selection
that the heuristic principles are brought
to bear. The program might select only
the move with the highest score for fur-

ther study, or it could explore the conse-
quences of, say, the five most promising
moves. For the moves still under con-
sideration the program examines the
search tree to some specified depth, at
which point the heuristic principles de-
termine whether or not to continue the
exploration: a line of search is aban-
doned only if the position reached is
reasonably stable. Black then makes the
move likely to lead to the highest score,
assuming that White makes the best
move available at each turn.

In chess the average number of moves
that can be made from a given position
is 35; an exhaustive search only three
moves deep for each player would re-
quire the examination of more than 1.8
billion moves. Rigorous methods for
pruning the search tree have been de-
vised, but in spite of such methods the
essential operation of most computer-
chess programs is an extensive explora-
tion of the search tree. The current
world champion among programs is
Belle, developed by Ken Thompson and
Joe Condon of Bell Laboratories. The
program runs on a specialized computer
with hardware designed specifically to
make chess calculations; it examines an
average of 160,000 positions per second.
Belle plays in tournaments as if it had a
chess rating of 2,160 (a rating of 2,000
to 2,199 qualifies a player as an expert),

y
A

making its level of play higher than
that of all but a small fraction of hu-
man chess players.

Artificial Intelligence and Psychology

The operation of Belle and similar
chess-playing programs illustrates one
of the most important questions about
the goals of work in artificial intelli-
gence. If one of the primary goals is the
simulation of intelligent human behav-
ior, on what level is the simulation to be
carried out? In a sense a program that
plays chess at the level of an expert
chess player, by whatever means, simu-
lates the behavior of the expert human
player. On the other hand, if the goal is
to emulate the strategic decisions made
by a human player, a program such as
Belle must be counted a failure.

There is considerable evidence that
good human chess players employ proc-
essing methods radically different from
the ones incorporated into Belle. A hu-
man player relies on strategy: he picks
a goal, such as capturing a particular
piece, then looks for ways to attain the
goal. Reaching the goal may in turn call
for identifying subgoals and verifying
that each of them can be attained. Tests
have shown that a good human player
examines no more than about 100 board
positions before choosing a move; only

“BLOCKS WORLD?” is a highly simplified domain that enables work-
ers in artificial intelligence to explore the ways perception, thought
and action can be modeled and linked by a computer. The blocks
world of the computer is represented by the colored cubes, boxes
and pyramids in the illustration. Also part of the blocks world are
the standard principles of everyday physical interactions; for exam-
ple, a pyramid in the blocks world is not allowed to rest balanced on
its vertex. The blocks world was devised at the Massachusetts Insti-
tute of Technology by Terry A. Winograd, who is now at Stanford
University, as a domain of action for a computer program called

SHRDLU. SHRDLU simulates the actions and responses of a person
with respect to the objects in the world: the program can plan and
carry out certain manipulations of the objects according to instruc-
tions issued to the computer in ordinary natural language, and it can
answer questions about present and past configurations of the world,
about actions it has taken or plans to take and about the reasons for
its actions. Other investigators have shown how to model the learning
of new actions in the blocks world. Scenes from the blocks world have
been adapted from Winograd’s article “Understanding Natural Lan-
guage,” which first appeared in the journal Cognitive Psychology.
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INITIAL STATE

INTERMEDIATE
STATES

FINAL STATES

INITIAL
CONDITIONS

SYSTEMATIC SEARCH of an inverted tree structure proceeds from the top node, or root,
along the leftmost branch to a terminal node. The search then returns to the first intermediate
node from which it can trace another downward branch and goes on to explore all the terminal
nodes from left to right (colored arrows). An inverted tree can represent the structure of a varie-
ty of problems. The root can represent a given situation, such as a position in a chess game, and
each node directly below the root can represent the outcome of some action that is possible in
the situation, such as the movement of one of the chess pieces. Still lower nodes can represent
the results of possible subsequent actions, such as the countermoves available to a chess oppo-
nent after a given move. The root of a tree can also represent a goal, and the immediate branch-
ing nodes can represent the preconditions of taking some action that will achieve the goal. A
precondition can have preconditions of its own, which are represented by the nodes at the next
level. Exploring a tree structure is a serial process, that is, the nodes are examined one at a time.

the most promising lines of attack are
considered, but they are explored in rel-
atively great depth. Belle, on the other
hand, examines some 29 million posi-
tions in the average of three minutes
it can allot to each move in a tourna-
ment game.

Given Belle’s success at the chess
board it seems clear that intelligent
behavior can result from underlying
processes quite different from those of
human cognition. Some investigators,
however, argue that artificial intelli-
gence is, broadly speaking, a branch of
human psychology. They submit that
whenever a program simulates some as-
pect of human intellectual performance,
the program constitutes an “existence
proof” for the computer model of hu-
man intelligence. The operation of the
program may diverge so far from hu-
man mental processes as to preclude any
direct contribution to human psycholo-
gy. Nevertheless, the program may sim-
ulate certain other aspects of human
intelligence that seem quite important,
such as its unpredictability in perform-
ance. Chess programs often play better
than the people who write them, and so
it is highly misleading to assert, as many
people have, that computer intelligence
is limited because a computer can do

only what it is programmed to do. In.

many cases the programmer does not
know what his program can do until it is
run on a computer.
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A striking example of the phenome-
non was reported recently by Donald
Michie and Tim Niblett of the Universi-
ty of Edinburgh and Ivan Bratko of
the Edward Kardelj University of Lju-
bljana. A program developed by the
three investigators analyzes certain end
games in chess, a part of the game in
which most computer programs fare
considerably less well than they do in
the middle of the game. Master chess
players generally memorize a set of
rules for the end game, but the program
has demonstrated that certain end-game
positions once thought to end in a draw
actually result in a forced win for one
side. In order to force the win, however,
one must apply a set of rules too com-
plex to be easily remembered by a hu-
man player; the rules are well within the
capacity of current computers.

Planning

Although goal-directed planning is
not a dominant feature of chess-playing
programs, it is easy in principle to write
a program that identifies goals and finds
ways to attain them. Again the opera-
tion of the program can be understood
asthe exploration of aninverted treelike
structure.

The root of the tree represents the
goal and the nodes that branch away
from the root represent preconditions
that may have to be met before the goal

© 1982 SCIENTIFIC AMERICAN, INC

can be achieved. (Preconditions that,
taken together, are sufficient for achiev-
ing the goal are linked, but all the suffi-
cient sets of preconditions are represent-
ed in the tree.) Each precondition can in
turn become a subgoal with precondi-
tions of its own represented by further
branching nodes. The terminal nodes of
the tree represent conditions already
satisfied by the initial state of affairs.
An action that can accomplish a goal
or a subgoal is also associated with
each nonterminal node. The program ex-
plores all the branches of the tree until
every precondition is satisfied. It then
constructs a plan of action by tracing a
path through the tree from the lowest
node to the highest one.

A program developed in the late
1960’s and early 1970’s by Terry A.
Winograd, then at the Massachusetts In-
stitute of Technology, illustrates the op-
eration of a planning program in a care-
fully limited domain. Winograd’s pro-
gram is called SHRDLU, after the seventh
through the 12th most frequent letters in
English; the domain in which it operates
is made up of simple three-dimensional
objects such as cubes and pyramids that
rest on a table. (The program actually
has no facilities for manipulating real
objects or even for representing them
on a video screen, but it keeps track of
their properties and positions internal-
ly.) SHRDLU replies to questions typed
by an operator, executes commands on
the objects in its simple environment,
called the blocks world, and reports on
the results.

To understand how a plan of action is
formulated by SHRDLU, suppose the pro-
gram could carry out only two actions,
called stack and cLEARTOP. The pro-
gram executes STACK by grasping an ob-
ject, moving it to a point above a second
object and putting it down on top of the
second object. cLEARTOP effects the re-
moval of one object from the top of an-
other; it calls for grasping the upper ob-
ject, moving it over an unoccupied re-
gion of the table and putting it down.

Actually both sTAck and CLEARTOP
represent a hierarchy of actions. At the
next level of detail are subactions such
as GRASP, MOVE and puT. Each of the
subactions in turn is made up of a se-
quence of more detailed steps, until ul-
timately the steps could be expressed
as control signals for such activities
as closing mechanical ‘“fingers,” sensing
contact with an object and rotating a
joint. Thus the hierarchy of program
statements reflects the hierarchical
structure of human actions, from high-
level, conscious goals to the detailed se-
quences of motor control. Hereafter I
shall omit all such details of control and
discuss the plans formulated by the pro-
gram only at the highest level.

Before the action STACK can be exe-
cuted two preconditions must be satis-
fied: the tops of both the objects that will



form the stack must be clear. Similarly,
there are two preconditions for the ac-
tion CLEARTOP. The object whose top is
to be cleared must have another object
resting on it, and the top of the upper
object must itself be clear. In order to
select an action that can accomplish a
certain goal or subgoal, the program
compares the goal or subgoal with a
set of “postconditions” associated with
each action. The postconditions specify
the configuration of the blocks world
that the action will bring about. If the
configuration satisfies the conditions of
the goal or subgoal, the action is pro-
posed as part of the plan.

Suppose ared cube is resting on a blue
one. How can the program exploit the
actions STACK and CLEARTOP to achieve
the goal of placing the blue cube on the
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red one? Beginning with the goal state,
the program searches for an action that
has postconditions matching the goal
and sets up the preconditions of the ac-
tion as new subgoals. The action STACK
could place the blue cube on the red one
(the goal) if the tops of both the red and
the blue cubes were clear. In the given
initial state the top of the red cube is
clear but the top of the blue one is not.
Hence clearing the top of the blue cube
becomes a new subgoal.

Backward Chaining

The program continues by searching
for actions that will achieve each sub-
goal and sets up preconditions of each
action in turn. To clear the top of the
blue cube the action CLEARTOP could be
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applied. Its preconditions are satisfied
by the initial state of the blocks world
and so the search is complete. The en-
tire process of constructing a sequence
of actions from the goal state back to
the state in which all the preconditions
of the actions necessary to initiate the
chain are satisfied is called backward
chaining.

The program can now devise a plan of
action to achieve the goal by reversing
the sequence of actions found during the
search. The plan is first to apply CLEAR-
TOP in order to remove the red cube
from the top of the blue one and second
to apply sTACK in order to place the blue
cube on the red one. One effect of the
plan is that the top of the blue cube is
cleared, a change brought about by the
plan that was not one of its explicit
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TREE STRUCTURE of a simplified chess game shows how the com-
puter program, here playing Black, determines its next move. The
program examines the available moves and the opponent’s counter-
moves one by one, tracing the game tree (colored arrows) to a depth
determined by heuristic rules. Each position is assigned a score ac-
cording to an evaluation procedure, such as the one in the table at the
upper left. The initial position, shown at the top of the tree, is scored
—2.5: a total of 1,004 for the black pieces on the board, —1,005 for
the white pieces and — 1.5 for the threat to the black knight. The move

selected is the one that leads to the highest score for Black at the great-
est depth examined, assuming that White will make the best counter-
move available. In this case Black plays move 1 and assumes White
will respond with move 7. The heuristic rules instruct the program to
abandon the search whenever one of White’s countermoves leads to
a better score for White than the best countermove previously con-
sidered. Thus the program abandons its examination of moves 2, 3, 4
and S as soon as it finds countermoves that lead to positions worth less
than 0, the value of the best position available to White after move 1.
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goals. Such a change is called a side ef-
fect of the plan.

One of the most intriguing recent ap-
plications of backward-chaining search
methods has been the development of
computer programs that draw on expert

tasks such as medical diagnosis, pros-
pecting for mineral deposits and advis-
ing on tax matters. For example, if the
goal is the diagnosis of disease, the pro-
gram works backward from general in-
formation about the patient’s condition

knowledge and interact with the user.
The programs have proved capable of
expert performance and are called ex-
pert systems. They have been applied to

to increasingly specific facts until the
chain of facts can justify a fairly plausi-
ble inference about what disease is pres-
ent. Thus the emphasis of an expert sys-
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FORMULATING A PLAN in the blocks world calls for identifying a goal and choosing a se-
quence of actions that will achieve the goal from a given initial state. In the example shown the
red block is initially resting on top of the blue one, and the goal is to place the blue block on top
of the red one. In order to devise a plan of action the program conducts a search that is equiva-
lent to exploring a tree structure. Each node of the tree represents a state of the blocks world;
the root is the goal, that is, the state in which a blue block rests on top of a red one. An action
is selected from the repertory of actions available to the program, such as the action STACK. The
action selected is the one whose results, or postconditions, match the essential features of the
state; the action is also associated with the node. The nodes branching down from a given node
represent preconditions, or states in the blocks world that must be attained before the action
represented by the given node can be carried out. When multiple preconditions must all be sat-
isfied, they are connected by an arc. Before the action STACK can be undertaken the top of
both the red block and the blue block must be clear. The program determines that the first pre-
condition is met by the initial state but the second precondition is not. To clear the top of the
blue block, therefore, another action from the repertory must be applied, and its preconditions
must in turn be compared with the initial conditions. When all the preconditions of every node
that is explored by the program are satisfied by the initial conditions, the sequence of actions
encountered during the search is reversed to make a plan that will accomplish the final goal.
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tem is to develop a plan for making a
plausible inference, based on knowledge
supplied by the user, rather than to de-
velop a plan of action. The possible in-
ferences are stored as rules in the pro-
gram, where they have a role analo-
gous to that of the actions in SHRDLU.

A good example of a rule is found in
the medical-diagnosis system called my-
CIN, written by Edward H. Shortliffe of
Stanford University: “If the infection is
primary bacteremia, and the site of the
culture is one of the sterile sites, and
the suspected portal of entry of the or-
ganism is the gastrointestinal tract, then
there is suggestive evidence (.7) that the
identity of the organism is bacteroides.”

Such a rule is quite similar in form to
the rules people cite to explain their de-
cisions; rules employed by expert sys-
tems have therefore beenrelatively easy
for experts to learn to write. It is impor-
tant that a numerical confidence rating,
such as the number .7 in the MYCIN rule
for diagnosing bacteroides infection, be
assigned to each rule. The confidence
rating is the basis of heuristic controls
that guide the program’s search for a
plausible inference, and it is supplied to
the user for assessing the validity of var-
ious conclusions the program generates.
The program must also explain why it
reached the conclusion it did; no one
would trust a program that simply print-
ed its conclusion without saying why
it rejected some other conclusion that
seems reasonable.

Learning in the Blocks World

Unless a computer can expand its own
capabilities on the basis of ‘“experi-
ence,” the performance of a program
is limited by the knowledge, foresight
and available time of the programmer.
Learning, therefore, is a particularly im-
portant concern in artificial intelligence.
A number of investigators have adopted
Winograd’s blocks world as a kind of
laboratory in which to explore various
learning strategies.

One kind of learning is based on the
“memorization” of a plan formulated
after a search by backward chaining; the
idea was first developed by Richard E.
Fikes and Nils J. Nilsson, both then at
the Stanford Research Institute, for the
system STRIPS (for the Stanford Re-
search Institute Problem Solver). Sup-
pose a program is to achieve the goal
state in which a brown block is rest-
ing on a green one, and it encounters a
state in which a green block is resting
on a brown one. Having earlier inter-
changed the blue block and the red one,
the program stores a representation of
the plan it developed for the exchange,
namely to employ first the action CLEAR-
ToP and then the action sTAck. The rep-
resentation of the plan must be a gener-
alized one, however, since otherwise it
could be applied only to the blue and



the red blocks it first encountered. The
generalization is accomplished by stor-
ing the names of the blocks to be inter-
changed as variable quantities. The en-
tire action, here called INTERCHANGE, is
added to the program’s repertory of
possible actions as a fixed sequence
of the simpler actions GRASP, MOVE and
PUT, together with new preconditions
and postconditions for the action INTER-
CHANGE. Because the initial state of the
brown and the green blocks satisfies
the preconditions of the action INTER-
CHANGE the program can immediately
achieve the goal state without a search.

A second kind of learning is trial-and-
error learning, which is modeled in a
program called HACKER written by Ger-
ald J. Sussman of M.L.T. (In the jargon
of computer science a hacker is some-
one who spends much of his time writ-
ing computer programs.) HACKER is
made up of a planning system similar to
the one in SHRDLU, ‘“critics” that moni-
tor the planning and note problems and
“debuggers” that formulate new rules
for the programs to avoid repeating the
errors caught by the critics.

Suppose a red block is resting on a
blue one and a green block is placed
alone on the table. HACKER is asked to
build a three-block stack with the red
block on the top, the green one in the
middle and the blue one on the bottom;
the program has available only the ac-
tions STACK, CLEARTOP and INTER-
CHANGE. In order to plan its actions
HACKER breaks down the goal into sub-
goals: for the first subgoal it can choose
either to place the red block on the green
one or to place the green block on the
blue one. Assume that the program arbi-
trarily begins with the wrong subgoal,
namely placing the red block on the
green one. It saves the information that
it can achieve the chosen subgoal by
applying the action STACK. Its next sub-
goal must be to place the green block
on the blue one. It cannot pick up the
green block, however, as long as the
green block supports the red block be-
cause the operation of STACK requires
that the top of the green block be clear.
To stack the green block on the blue one
the program must remove the red block
from the top of the green one, thus
“clobbering,” or undoing, the subgoal
it has just achieved.

The critics in HACKER are pro-
grammed to call in the debuggers when-
ever they detect that a subgoal has been
clobbered. The debuggers look for plan-
ning options, and in this case they find
that if the green block is first put on the
blue one, the plan works without clob-
bering any subgoals. Hence the debug-
gers can conclude that the clobbering of
subgoals can be avoided, at least some-
times, by rearranging them. HACKER
saves the conclusion as a new, general
debugging method. Sussman’s program
eventually learned to order the sub-

goals for a stack made up of any num-
ber of blocks.

Concept Learning

A number of programs enable a com-
puter to carry out an action more com-
petently or to form a more adequate
representation of a concept. One of the
earliest programs to improve its own
performance was a checkers-playing
program written by Arthur L. Samuel
of the International Business Machines
Corporation in about 1960. Learning in
the program was designed to simulate
the mechanisms of evolution and natu-
ral selection. One version of the pro-
gram played against another version in
which the scoring system for evaluating
the strength of a position had been al-
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tered slightly. In this way a given scoring
system and a “mutation” of the system
were tested in direct competition, and
the winning version was retained as the
basis for constructing new variations.
In the late 1960’s Patrick H. Winston
of M.L.T. wrote a program that succes-
sively improves its mastery of certain
concepts. A teacher presents the pro-
gram with a carefully graded sequence
of scenes arranged so that the first scene
is a good example of the concept the
program is to learn. The program ana-
lyzes the first scene and builds a “hy-
pothesis” about what components of the
scene and what relations among them
are essential aspects of the concept. For
each subsequent scene the teacher tells
the program whether or not the scene is
an example of the concept. The program

FIND A BLOCK .
NOT PREVIOUSLY SUCCEED.
EXAMINED [
L
IS X RED? \ | ves

IS X BIG? - YES |
o L |

FIND A PYRAMID

SUCCEED:
NOT PREVIOUSLY ;
EXAMINED CALL Y
DOES X
SUPPORT Y? o YES
¥
SUCCEED;
PICK UP X > EXIT
PROGRAM

UNDERSTANDING OF COMMANDS is accomplished by the program SHRDLU by follow-
ing procedures like the one shown in this flow chart. Key words in the command “Pick up a
big red block that supports a pyramid” initiate a logical series of steps that determine which
block the command refers to. SHRDLU will then develop a plan to carry out the command.
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tests and revises its initial hypothesis as
each new scene is presented.

Suppose the program is presented
with a simple line drawing and told the
drawing is an example of an arch [see
illustration on page 131]. The program
notes that the object represented in the
drawing is made up of three blocks; two
of them stand upright on a table and
support the third. Although the pro-
gram might have guessed many other
properties of the example that are true
of arches in general, its concept of an
arch is kept deliberately impoverished
so that the concept can be enriched by
analysis of the later scenes.

The second scene is not an arch. The
program again constructs a description
of the scene and compares the descrip-
tion with the hypothesis it has built up
from the first example. If the second
scene does not differ from the first one in

Will you please stack up both of the red
blocks and either a green cube or a pyramid?
OK.

Which cube is sitting on the table?

The large green one which supports the
red pyramid

Put a small cube onto the green cube
which supports a pyramid.

OK

Put the littlest pyramid on top of it.

OK

How many things are on top of green cubes?
I'm not sure what you mean by “on top of’
in the phrase “on top of green cubes

Do you mean

1—Directly on the surface

2—Anywhere on top of?

2

Three of them

Had you touched any pyramid before you put
the green one on the little cube?

Yes, the green one

When did you pick it up?

While | was stacking up the red cube,

a large red block and a large green cube
Why?

To get rid of it.

Why did you do that?

To clear off the red cube

Why did you clear off that cube?

To put it on a large green cube

Why did you do that?

To stack up the red cube, a large red
block and a large green cube

Why did you do that?

Because you asked me to

too many ways, the program can begin
to determine which relations are essen-
tial to the concept of an arch. If the sec-
ond scene is identical with the first one
except that the block that was on top is
now lying on the table, the program in-
fers that in an arch the two standing
blocks must support the third block. The
program has learned that the relation of
support between the lower blocks and
the upper block was not an incidental
aspect of the first scene, and the hypoth-
esis about the concept of an arch is up-
dated to reflect the finding. As addition-
al scenes are introduced the represen-
tation of the concept by the program
becomes more adequate for recogniz-
ing novel instances of an arch.
Recently a program called am (for au-
tomated mathematics) was developed
by Douglas B. Lenat of Stanford that
can formulate new concepts and the-

A

EXTREME SIMPLICITY of the blocks world makes it possible for the program SHRDLU to
give a wide and flexible range of responses to questions by the programmer. The program is
able to plan and execute the manipulation of the objects in its world on command from the pro-
grammer. As the programmer issues the commands listed at the left (black type) the initial state
of the blocks world (top right) is transformed to reflect the results of the actions that carry out
the commands (middle and bottom right). As the dialogue proceeds the program queries the
programmer about an ambiguous question and answers questions about the state of the blocks
world, its previous actions and the reasons for its actions (colored type). SHRDLU was one
of the first programs to combine both language understanding and the simulation of action.
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orems in mathematics from about 100
elementary concepts in set theory. Heu-
ristic principles specify the creation of
the new concepts under certain well-de-
fined conditions, and the program then
proceeds to investigate the concepts.
During one run on a computer AM con-
sidered the concept of the divisors of a
number. It found several numbers that
have four or more divisors (for example,
the divisors of 6 are 1,2, 3 and 6), but the
heuristic rules confined the investigation
to numbers with only a few divisors.

In considering the numbers with ex-
actly three divisors the program found
that all the examples are also perfect
squares. Moreover, the program found
that the square root of a number with
three divisors is always a number with
exactly two divisors. Because of the co-
incidence of the concept square-roots-
of-numbers-with-three-divisors and the
concept numbers-with-two-divisors, the
program raised the priority of both con-
cepts on its agenda and determined to
investigate numbers with exactly two di-
visors in considerably more detail. In
this way aMm began to explore the rich
pattern of mathematical relations that
develops from the concept of numbers
with exactly two divisors, otherwise
known as prime numbers. In about an
hour of running time on the computer
Lenat’s program went on to reproduce
several well-known conjectures about
prime numbers and guessed that ev-
ery natural number is the product of a
unique set of primes.

Constraint Propagation

The kind of search I have described
for chess programs and planning pro-
grams is a serial process, and so the size
of the tree that can be searched is limited
by the time needed to evaluate every
node in the tree sequentially. In some
cases a process that seems to require a
serial tree search can be recast as a par-
allel process, in which independent as-
pects of the search are done simulta-
neously. Much of the signal processing
carried out by the brain is done in paral-
lel, and many investigators think pro-
grams that incorporate parallel process-
ing will be much better able to simulate
human sensory abilities than programs
that rely on serial processing. A num-
ber of programs in artificial intelligence
have experimented with a parallel proc-
ess called constraint propagation, an
early example of which I presented in
my Ph.D. dissertation at M.I.T. in 1972.
My program was written in LISP, a pro-
gramming language now employed for
most work in artificial intelligence.

One of the things people learn to do
almost at a glance is to interpret a two-
dimensional line drawing as a three-di-
mensional scene. In my dissertation I
wanted to develop a program that could
mimic this skill. Earlier independent



In French,cord du roi’means “King} cord’
In America, Lands’ End is becommg

the corduroy king.

he Lands’ End position in
corduroy began with an
unmistakable, long-term,

in-house commitment.

We were determined to offer
you, in the course of time, the
broadest selection of quality cor-
duroy trousers we could assemble.
That sent our buyers forth on a
prowl through all available world
sources.

The search still continues.
But to date, it has resulted in a
sizeable Lands’ End selection of
values ranging from our good,
basic, durable work pant at
$19.50, to our prized 100% cotton
English corduroy—the royalty of
cords—which weighs in at 12 oz.
to the yard.

An exciting choice of
ribs, wales, colors.

For a full spell-out of what's avail-
able, we refer you to our catalog.
But, keep an eye out for some of
our sturdy models, including a
comfortable elastic-back cordu-
roy casual pant and a pant with a
classic Western cut.

Be prepared to consider a
choice of fabrics in both 8 and 14
rib constructions, in all-cotton
and in blends.

As to color, where else can
you feast your eyes on 12 colors,
from basics to brights, up to and
including today’s fashionable
dusty tones?

Compare pants, guarantee,
and our service.

Compare not only our trouser
collection, but guarantees as

of our toll-free number (800-
356-4444). Call it today, and a
friendly voice at our end will
prove well-informed enough to
answer your questions, 24 hours
a day.

In short, Lands’ End is into
corduroy to stay and grow. Come
join us—either by phone, or if
you prefer, by mail. Send in the
coupon and we'll mail you a free
catalog. And promise you a dol-
lar’s worth of value for every

W
//N’ﬁ

on:

well—remembering that the s, Oxford b

. ar,

Lands’ End guarantee is e wool and €Ot Fo lorhing, RO .
diti 1 of fin hirts cradition® CFT8 4 Goft \uggag he
unconditional. down shir Lands' En round ©
. K wear ong lic goOC\S from 2
It bears repeating: dec e of other @l
mu

“If you are not completely satis- world.

fied with any item you buy from I

us, at any time during your D Please send free 92-page catalog.

use of it, return it and we will : Ilsa;ddsevl:iﬂ(ei [\/)\?IptS 3%3;1
refund your full purchase ! & P
P"‘lce I Name

One thing more. We offer with : Address
our corduroy program a complete! ¢
support service, including free | Stte Zip
hemming, and the convenience 1 Or call Toll-free

1 800-356-4444

1 (Except Wisconsin, call 608-935-2788)

125
© 1982 SCIENTIFIC AMERICAN, INC



work by David A. Huffman of M.LT.
and the late Max B. Clowes of the Uni-
versity of Sussex had shown, under cer-
tain simplifying assumptions, that a line
drawing can be interpreted as a three-
dimensional scene only if all its vertex-
es can be labeled consistently from a
set of 16 allowable kinds of vertex.
The scheme developed by Huffman and

POSSIBLE LINE SEGMENTS

—>

OCCLUDING EDGE

POSSIBLE VERTEXES

L VERTEXES

T VERTEXES

Clowes applies only to drawings of ob-
jects whose surfaces are all planes and in
which no vertex represents the intersec-
tion of more than three planes. Each line
emanating from a vertex must be la-
beled as either an occluding edge, a con-
vex edge (pointing toward the viewer)
or a concave edge (pointing away from
the viewer).

+

INTERIOR
CONVEX EDGE

A scene can be labeled consistently if
every vertex is labeled and every line is
assigned only one label. If two vertexes
connected by a single line cannot be la-
beled in such a way that the line is unam-
biguously identified, the drawing cannot
represent a real three-dimensional ob-
ject. An example of a drawing that can-
not be labeled consistently is the so-

INTERIOR
CONCAVE EDGE

RECOGNITION of a line drawing in two dimensions as a perspec-
tive view of a three-dimensional object can be achieved by a comput-
er program that applies a labeling scheme to the vertexes of the draw-
ing. It is assumed that every line segment in the drawing is either
an occluding edge of an object in perspective, an edge of the object
pointing toward the viewer (a convex edge) or an edge of the object
pointing away from the viewer (a concave edge); furthermore, no
more than three planes are allowed to meet at any point. An occlud-
ing edge is the boundary of an occluding plane, a plane at the exterior
of the object or a plane that lies in front of another plane of the object
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from the viewer’s position. By convention an occluding edge is indi-
cated by an arrow, and the occluding plane lies to the right of the edge
when it is viewed along the direction of the arrow. There are four cat-
egories of vertexes and 16 kinds of vertexes in all; every vertex in the
plane figure must be classified as one of the 16 kinds of vertexes be-
fore the interpretation of the object as three-dimensional can pro-
ceed. The labeling scheme was first proposed by David A. Huffman
of ML.LT. and the late Max B. Clowes of the University of Sussex; the
scheme was later generalized by the author in order to make pos-
sible the recognition of shadows, cracks and other kinds of edges.
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It’s gotten to the point where even
the remote possibility of major repairs
is enough to worry anyone.

Until now.

Because now you can cut those
worries down to a more manageable
$25. And keep them that way for up to
five full years.

Introducing the Ford Extended
Service Plan—for purchasers of Ford

or Lincoln-Mercury cars or light trucks.

Here’s how it protects you.

The Extended Service Plan covers
thousands of parts, including major
repairs. And promises no parts or labor

Now you can shrink a $600 car repair down to $25.

charges, except a small $25 deductible
each time you bring your car in. No
matter how many different covered
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Get it together—buckle up.
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called devil’s pitchfork, which initially
resembles an object but which on closer
inspection generates a disconcerting vi-
sual paradox. The labeling scheme en-
ables a computer program to rule out
the possibility that the drawing repre-
sents an object and also helps to dispel
the paradox [see illustration below).

The first programs for labeling the
vertexes of a line drawing ran a serial
tree search for consistent labels. Begin-
ning at some arbitrary vertex the pro-
grams would assign all possible labels to
the vertex. For each label the programs

would then proceed to an adjacent ver-
tex and assign all the labels to the second
vertex that were consistent with the la-
bel chosen for the first vertex. For each
consistent label at the second vertex the
programs would determine the possible
labels for a third vertex adjacent to the
second one. The procedure would con-
tinue in sequence through all the ver-
texes until every branch of the tree
had been explored. Each branch of the
search would end either when no further
vertex labeling was possible or when all
the vertexes had been labeled consis-

tently. (For some drawings it may hap-
pen that consistent labels can be applied
to the vertexes in more than one way;
such drawings can appear ambiguous to
human observers as well.)

Tree-search methods are adequate
when the number of vertex labelings is
small, but I wanted my program to
distinguish cracks, shadows and oth-
er kinds of edge that earlier programs
could not correctly interpret. When the
additional kinds of edge are distinguish-
able, however, the number of possible
labels for each vertex becomes quite

POSSIBLE LABELS FOR ARROW (ACUTE) VERTEX M

POSSIBLE LABELS FOR T VERTEX N
|

INCONSISTENT LABELING of a line segment, no matter what
combination of possible vertex labels is tried, shows that a two-di-
mensional line drawing cannot be a perspective view of a three-di-
mensional object. In the drawing of the impossible object called the
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devil’s pitchfork all possible combinations of vertex labels are tried
for the ends of the line segment MN, but no combination gives the
same label to MN along its entire length. There are drawings, however,
that can be labeled consistently but cannot represent a real object.



large: about 100 for certain kinds of ver-
tex and more than 1,000 for others. For
a scene having only four vertexes the
number of ways to label the scene can be
greater than 1,0004, or a trillion. Even
though a search of the complete tree for
such a scene would not have to consider
every one of the labeling schemes (if
only because many of them would be
found to be inconsistent before the last
vertex in the scene was examined), the
search would still be unmanageable.

I decided, therefore, that my program
should eliminate all the impossible la-
bels for each vertex before undertaking
a search. The program assigns all the
labels that are possible at each vertex. It
then examines every pair of vertexes
connected by a line. Because of the re-
quirement that the line have a single la-
bel some of the labels for the two adja-
cent vertexes may be eliminated: it may
turn out that a label at one vertex is not
compatible with any of the labels at the
adjacent vertex. Every pairwise exami-
nation of labels is independent of every
other one, and so the processing in this
stage of the program is done in parallel.
Once the first round of label elimina-
tions has been completed all the surviv-
ing vertex labels are reassigned and pair-
wise examinations are done in parallel
once again. Thus the constraints identi-
fied in the first round are propagated to
the second and subsequent rounds [see
illustration at right].

I had originally meant to use the pair-
wise elimination of labelings simply to
cut the tree search down to a manage-
able size. On the first scene I tried I
found that the process reduced the
number of labels for each vertex to one.
Hence a tree search was unnecessary.

The discovery was a surprise, and in-
deed I thought there were errors in the
program when it first gave unique label-
ings to scenes. Moreover, if I had not
written the program to be run on a com-
puter but instead had attempted the la-
beling procedure by hand, the dispensa-
bility of the tree search would probably
not have been discovered. The simplest
manual labeling would have called for
examining some 10,000 vertex labels; in
such a tedious undertaking error is al-
most inevitable. The possibility of such
unexpected findings is seldom appreci-
ated outside the field of computer sci-
ence, but it is not at all unusual.

Subsequent attempts to apply my pro-
gram to more realistic scenes have also
shown that experiment is an essential
aspect of research in artificial intelli-
gence. Although the program turned
out to be an elegant and efficient one
for the scenes to which it was originally
applied, the work has not generalized
well to scenes that include curved ob-
jects, textures, shiny surfaces and other
features of real objects.

The most impressive recent results in
computer vision were achieved by the
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PROPAGATION OF CONSTRAINTS on the labeling of vertexes can be analyzed in parallel,
in much the same way as some signals are thought to be processed by the brain. Each vertex is
assigned all possible labels, and each possible label is compared with all the possible labels of a
vertex at the other end of a line segment connecting the two vertexes. If the line segment can-
not be labeled consistently (so that it has the same label at both ends), all the vertex labels lead-
ing to the inconsistent labeling are eliminated. The constraints on the labeling of the line seg-
ments are given only by the colored symbols; the shading has been added for clarity. Because
the process can be done independently for each line segment the segments can all be analyzed
simultaneously. Once all the constraints have been determined at each vertex they are com-
bined. The labels that remain are then applied to the vertexes and the procedure is repeated.
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late David C. Marr of M.I.T. Marr mod-
eled the operations of the visual cortex
of the brain that may be needed for
dealing with scenes in their full com-
plexity. Techniques related to my work,
however, have been useful for analyz-
ing electronic circuits, for carrying out
stereoscopic correlations of two views
of the same scene, for comparing de-
tailed features of a scene with other fea-
tures nearby and for reducing the ambi-
guity of certain linguistic phrases.

Language Understanding

The medium for human interaction
with computers is often called a lan-
guage, but programming computers to
understand ordinary natural language is
one of the most difficult challenges now
facing the discipline of artificial intelli-
gence. Even the simplest programs for
understanding language are large and
complex, and the most powerful pro-
grams are still confined to narrow se-
mantic domains in which they attend
primarily to the most superficial mean-
ings. Nevertheless, the area is of great
importance, not least because a success-
ful program would simulate processes

that seem to be close to the essence of
human thought.

The earliest work on the understand-
ing of language by computer programs
began in the 1950’s and was aimed at
mechanizing translation. The general
approach was to provide a dictionary
equivalent for each word in the material
to be translated; simple rules were given
to reorder the words in the translation
and improve its syntax. The effort was a
failure. When the sentence “The spirit is
willing but the flesh is weak” was trans-
lated into Russian and back into En-
glish, it is said to have come out as “The
vodka is strong but the meat is rotten.”
Good translation without understand-
ing proved impossible, and by the mid-
dle of the 1960’s the work had largely
been abandoned.

Another early approach to language
understanding is a program called ELI-
zA, written by Joseph Weizenbaum of
M.LT. in 1966. ELIZA bypasses any real
linguistic processing and instead relies
on a clever system of rather fixed pat-
terns of response that give an imitation
of language understanding many people
find convincing. The responses of the
program mimic those of a psychiatrist;

a b
JOHN > DO
PAST > X+6 X+Y
SIZE < i SIZE
|
/P 1 g - X
JOHN CORN
“JOHN GREW SIX INCHES.” “JOHN GREW CORN.”
¢ PAST OBJECT RECIPIENT
= MARY
[ = _
JOHN < > ATRANS < BICYCLE <
> |
L—<—— JOHN
“JOHN GAVE MARY A BICYCLE."
d
PAST OBJECT RECIPIENT[__ 5 MARY
MARY <— _—;> ATRANS <& ———— BICYCLE <——
‘ L<— JoHN

“MARY RECEIVED A BICYCLE FROM JOHN.”

DIAGRAMS OF CONCEPTUAL DEPENDENCY represent the semantic structure of a
sentence in such a way that sentences that are superficially similar but have different mean-
ings are represented differently (a, b). Sentences similar in meaning but superficially different
in structure are represented in similar ways (c, d). The diagrams show that the sentence “John
grew six inches” corresponds roughly to “John’s size went from some value X inches to some
value X + 6 inches” (a), whereas the sentence “John grew corn” corresponds roughly to “John
did something unspecified that caused the size of the corn to increase from some size X to some
size greater than X by the amount Y” (b). The sentence “John gave Mary a bicycle” corresponds
roughly to “John transferred possession of the bicycle from himself to Mary” (c). (ATRANS is
a class of verbs that have to do with the transfer of possession.) The sentence “Mary received a
bicycle from John” is given a similar representation (d), except that Mary is listed as the agent
who caused the transfer. The system was developed by Roger C. Schank of Yale University.
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each response is called up from a set of
stored sentences or sentence patterns
that are associated with words or pat-
terns of words in statements made by a
“patient.” Whenever the word “mother”
is mentioned, for example, the program
replies with one of several stock sen-
tences, such as “Tell me more about
your mother.” If the patient types “I’'m
feeling a bit tired,” ELIZA can embed
part of the patient’s sentence in its reply:
“Why are you feeling a bit tired?”

Although many of the input words are
ignored by the program, it still requires
a large library of meaning patterns to
deal with a large number of potential
input statements. Weizenbaum later ar-
gued that the program demonstrated
the shortcomings of making the simula-
tion of human behavior a criterion for
ascribing intelligence to computer pro-
grams. ELIZA, he pointed out, operated
on an extremely simple and superficial
level of language understanding, yet
many people were lured by its lifelike
responses into reciting their personal
problems to the machine just as if it
were a psychiatrist.

In about 1970 Roger C. Schank of
Yale University introduced programs
for processing natural-language sen-
tences about human actions. The pro-
grams are based on what Schank calls
primitives of conceptual dependency.
The primitives include MTRANS, the set
of all actions in which there is a transfer
of mental information, such as telling,
hearing, writing and reading; ATRANS,
the set of actions in which there is a
transfer of possession, such as buying,
selling, giving and taking, and ATTEND,
for actions that involve sensing, such as
watching, listening, smelling and tasting.

It is possible to represent the meaning
of a sentence in a diagram based on con-
ceptual dependencies. It turns out that
sentences that are superficially similar
but have different meanings have quite
different diagrams. Moreover, the dia-
grams representing the semantic struc-
ture of a sentence and a paraphrase of
the sentence are similar even though the
two sentences may be superficially dif-
ferent. In addition the conceptual de-
pendencies organize the “expectations”
a program has after analyzing part of a
sentence. For example, after the sen-
tence fragment “John gave” the pro-
gram expects the sentence to name a re-
cipient of the action as well as an object
that was given. The program sets up
slots, or blank spaces, in its provisional
understanding of the sentence to hold
the expected items.

Frames and Scripts

Schank’s work was part of a long-term
trend toward the view that language un-
derstanding is a “top down” process, in
which words serve as cues for retrieving
expectations from memory and as evi-
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LEARNING A CONCEPT can be understood as the formulation of
a hypothesis about the aspects of the concept that are embodied by a
particular example and the revision of the hypothesis to accommo-
date information gained from further examples. To teach a comput-
er program the concept of an arch the teacher presents the program
with a picture of what he wants to call an arch (a). The program de-
scribes the picture by of a tic net, or a network of rela-
tions among the concepts that are already incorporated into the pro-
gram. The first hypothesis is a generalized semantic net in which var-
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iables are substituted for the particular components of the picture.
The teacher then presents the program with additional pictures that
are not arches (5, ¢). The program combines a description of each im-
age with the information that it does not represent an arch and there-
by revises its original hypothesis. The sequence of examples must be
chosen carefully; an example that differs in too many ways from the
preceding one will “confuse” the program. It will not be able to dis-
cern which aspects of the examples are important and which are inci-
dental. The program was developed by Patrick H. Winston of M.LT.
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INTRIGUED BY CALCULATORS? Then you can
step up your math skills fast! Use my new method in
guidebook form. It's called CALCULATOR
CALCULUS. This space-travel spinoff is sure-fire,
so it has a simple guarantee — just return it for an
immediate refund 1'{' you are not astounded at the
problems you're solving with it!

But the point is - you won’t want to send it back.
For this is the easiest, fastest shortcut ever! The day
you receive your copy in the mail you'll want to put
it to work. It's that exciting and helpful.

My name is Dr. George McCarty. I teach math at
the University of California. I wrote this guidebook
to cut through the confusion. I guide you with
examples you follow step-by-step on your calculator
— you do simple exercises — then you solve practi-
cal problems with real precision!

POWER METHODS. Need to evaluate functions, areas,
volumes — solve equations — use curves, trig, polar coor-
dinates — find limits for sequences and series? It's all here!

If you're in the biological, social or physical sciences,
you'll be doing Bessel functions, carbon dating, Gompertz’
growth curves, half-life, future value, marginal costs,
motion, cooling, probability, pressure — and plenty more
(even differential equations).

Important numerical techniques? Those algorithms are
here, too: rational and Pad€ approximation, bracketing, con-
tinued fractions, Euler's method, Heun's method, iteration
functions, Newton’s method, predictor-corrector, successive
substitutions, Simpson’s method and synthetic division.

LOOK AT WHAT USERS SAY: Samuel C.
McCluney, Jr., of Philadelphia writes:
“CALCULATOR CALCULUS IS GREAT! For ten
years bhave been trying to get the theory of calculus
through my head, using home-study courses. It was
not until I had your book that it became clear what
the calculus was all about. Now I can go through the
other books and see what they are trying to do. With
your book and a calculator the whole idea becomes
clear in a moment, and is a MOST REFRESHING
EXPERIENCE. I program some of the iterative prob-
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lems you suggest and it always GIVES ME A THRILL
to see it start out with a wild guess and then approach
the limit and stop.”

Professor John A. Ball of Harvard College (author
of the book ‘Algorithms for RPN Calculators’) writes:

“I wish I had had as good a calculus course.”

Professor H. 1. Freedman of the U. of Alberta,

writing in Soc. Ind. Appl. Math Review, states:
“There can be no question as to the usefulness of this
book...lots of exercises...very clearly written and
makes for easy reading.”

Tektronix Engineer Bill Templeton says “CALCU-
LATOR CALCULUS is the best, most clearly written
book I have seen for improving your math skills.”

I WANT YOU TO DO THIS. Get my complete
kit, with a TI-35 calculator, plus its 200 p. Student
Math Book, AND the guidebook, ALL for $44.95
(for shipping to USA add $2, or $5 by AIR; Foreign
$5, or $10 AIR; in Calif. add $2.70 tax).

If you already have a scientific calculator, you
can invest in the guidebook, ‘CALCULATOR
CALCULUS, for only U.S. $19.95 (to USA or
foreign: add $1 for shipping, or $4 by AIR; in Calif.
add $1.20 tax).

As pennywise Ben Franklin said, “An invest-
ment in knowledge pays the best dividends.” GET
STARTED NOW-— Tax deductible for professionals.

MONEY-BACK GUARANTEE! Send for it to-
day. Be sure to give me your complete mailing ad-
dress with your check or money order. If you want
to charge it (Visa or MC), tell me your card no. and

exp. date. Prompt 2
shipment _:244-74— W g‘{_
uaranteed.
hank you! EduCALC Publications - Dept. A9

27963 Cabot Road, South Laguna, CA 92677
For fast service, phone MC or VISA orders
to (714) 831-2637
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w== Learn Spanish ==
and French

the U.s. Foreign service way!

You can be fluent in Latin American Spanish
or French. That's right, fluent! You can be
speaking with all the confidence of a sea-
soned traveler in a matter of weeks. As well-
versed in your new language as if you
worked for the Foreign Service Corps
— because that's exactly whom you'll be
learning from.

The Foreign Service Institute has care-
fully developed, tested, and refined its lan-
guage courses to train the U.S. State
Departments overseas personnel quickly,
thoroughly, and effectively. Now the FSI's
complete . self-instructional audio cassette
courses are available to you.

Wewill sendyouthe entire audio cassette
series and instruction books to lead you
step by step to fluency in weeks. You work
when and where you can, at your own pace.
following the taped lessons. You progress
according to the schedule you establish.

Both courses use native speakers
exclusively so that you hear exactly how
each word should sound. It won't be long
before you start speaking and thinking in
your new language. These.programs have
to work — our State Department
depends on them!

MONEY-BACK GUARANTEE: Both the
Spanish and French courses come with our
MONEY-BACK GUARANTEE: try the FSI
course of your choice for three weeks. If
you're not completely satisfied. return it for a
full refund. There’s no risk and no obliga-
tion, so order today!

SPECIAL OFFER: Purchase any lan-
guage course from Pinnacle and get the
Toshiba KT-S3 Personal Stereo Cassette
Player, complete with headphones. FM
Tuner Pack, and shoulder strap (nationally
advertised for $139.00). for only $89.95.

plﬂﬂGCle Dept. 17 3, 215 E. 79th St., New York, N.Y. 10021 (212) 772-9202

TO ORDER BY MAIL—Just send this ad to us
with your name, address and check or money
order. (In N.Y. add sales tax.) Or charge to your
VISA, MC, AMEX, or DC account by enclosing
your card number, expiration date, and signature.

Please send me the following course(s):

O Programmatic Spanish — Vol. 1 Basic:
11 cassettes (16 hrs.) manual and 464-page
text. $100

0O Programmatic Spanish — Vol. 2 Intermedi-
ate: 8 cassettes (12 hrs.) manual and 614-page
text. $90 O Both Volumes for Only $180.

O Please send the Toshiba KT-S3 Personal Stereo Cassette Player at the low price of $89.95

plus $4.00 for shipping and handling.
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dence for or against established expecta-
tions. The view is in contrast to an earli-
er one in which meaning was to be con-
structed “from the bottom up,” that is,
from the definitions of words to their
meaning in phrases and finally to their
likely function in a sentence.

In 1974 Marvin L. Minsky of M.LT.
suggested that not just language but all
thinking might depend heavily on proc-
esses driven by expected structures of
knowledge he called frames. A frame,
like a primitive of conceptual dependen-
cy, is made up of a core and a set of slots.
Each slot corresponds to some aspect of
or participant in a concept implicitly de-
fined by the frame. Minsky argued that
an important function of a frame is to
represent a stereotype. The stereotype
is an intuitively plausible model of the
process by which people fill in informa-
tion about a situation that is not explicit-
ly mentioned.

A number of language-understanding
programs now exploit this general strat-
egy. For example, a program written by
Wendy G. Lehnert of Yale can answer
questions about stories such as the fol-
lowing:

Johntook the bus from New Haven to
New York. On the way his pocket was
picked. He went to a restaurant and or-
dered spaghetti. John could not pay the
bill and so he washed dishes.

Although the passage states that John
merely ordered spaghetti, most people
would assume from the story that John
also ate the spaghetti. Lehnert’s pro-
gram makes such plausible inferences
from a special kind of frame called a
script, in which the background expecta-
tions most people have about going to
restaurants are made explicitly avail-
able to the computer.

A program called FrRump, developed
by Gerald F. DeJong II of Yale, can
summarize news stories as they appear
on the wire service of United Press
International. The program includes
scripts for many events such as earth-
quakes, automobile accidents and dip-
lomatic visits. DeJong, who is now at
the University of Illinois at Urbana-
Champaign, is making additions to the
program that will enable it to write its
own scripts. The program might be giv-
en the text fragment “Mary wanted a
new radio; she went to the bank.” The
program would consult its script for ob-
taining new objects and its script for go-
ing to banks, looking for information
that would relate the two parts of the
sentence. The program would note that
new radios cost money and that people
go to banks to withdraw money, and so
it would “reason” that Mary probably
went to the bank to get the money to
buy the radio. Similarly, if the pro-
gram knew nothing about kidnapping,
it could develop a plan to figure out



why someone would steal a person.
Once the analysis was finished and gen-
eralized the plan could be added as a
kidnapping script.

Many other issues in language under-
standing have recently come to the fore.
Programs have been developed that at-
tempt to model the understanding of
metaphor, the understanding of unstat-
ed goals and beliefs of the speaker and
the appreciation of the emotions and the
underlying motivations of characters in
stories. Other programs are intended to
deal with inconsistent information and
to judge the plausibility of sentences.

The judgment of plausibility is often
central to the understanding of ordinary
language. Before a program can under-
stand metaphors, humor, lies or exag-
gerations it has to recognize that the lit-
eral meaning of the sentence is implausi-
ble for the given situation. Sentences can
fail to be plausible for a variety of rea-
sons. For example, the object of the verb
may be inappropriate for its action, as in
“John ate up the compliments,” or a sen-
tence may posit physically implausible
events, as in “Mary jumped 10 feet when
she heard the news.” I regard work on
plausibility judgment as an early step
toward modeling common sense.

Common Sense

Probably the most telling criticism of
current work in artificial intelligence is
that it has not yet been successful in
modeling what is called common sense.
One difficulty in simulating common
sense is that a program must link per-
ception, reasoning and action simulta-
neously, because ultimately the intelli-
gent use of a concept depends on all
three domains. The best current pro-
grams for language understanding liter-
ally do not know what they are talking
about; their only contact with the world
is through language.

The greatest successes in artificial in-
telligence have come about where it has
been possible to identify narrow, self-
contained domains such as the blocks
world of SHRDLU. In my opinion, how-
ever, experience has shown that such
programs cannot simply be enlarged
and generalized in a straightforward
way. Much conflicting and incompati-
ble knowledge, real scenes and unre-
stricted processing of language will
probably not yield to the engineering
techniques that have been applied so far.

This observation does not mean that
engineering methods will not be ex-
tremely useful in uncovering general
principles of intelligence. Nevertheless,
substantially better models of human
cognition must be developed before sys-
tems can be designed that will carry out
even simplified versions of common-
sense tasks. I expect the development of
such models to keep me and many oth-
ers fascinated for a long time.
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EXTINCTION.
T'S FOREVER.

One quarter of all species of animals and plants on Earth may disappear in the next 30 years
because of man’s destruction of their habitat. The rate of extinctions is increasing enormously as
forests are destroyed and other wild areas are lost. Organisms that evolved over hundreds of
millions of years will be gone forever. The complex interdependence of all creatures, from the
largest mammals to the smallest plants, is being shattered. It is a crisis with profound implications
for the survival of all life. Unfortunately, little is being done to save our planet’s natural heritage.
Here are some wamings by leading scientists:

“We are encroaching on nature, in the U.S. and
around the world, at an unprecedented rate. A large
proportion of the chemicals in use in our present-day
civilization were ‘invented’ by nature, not by the
chemist in the laboratory. An estimated 40% of all
drug prescriptions in the U.S. contain as their chief
ingredients compounds derived from plants. There is
no end to the potential for discovery in nature, because
we have only begun the chemical exploration of nature.
Tragically, we are burning our library of priceless
genetic treasures with our reckless destruction of

“The worst thing that can happen—will happen—in
the 1980’s is not energy depletion, economic collapse,
limited nuclear war, or conquest by a totalitarian
government. As terrible as these catastrophes wouid
be for us, they can be repaired within a few
generations. The one process ongoing in the 1980’s
that will take millions of years to correct is the loss of
genetic and species diversity by the destruction of
natural habitats. This is the folly our descendants are
least likely to forgive us.”

DR. EDWARD O. WILSON species”  pR. THOMAS EISNER
Baird Professor of Science ® Harvard University Schurman Professor of Biology ® Comnell University
“Few problems are less recognized but more “The extermination of a quarter of the plant species
important than the accelerating disappearance of on Earth during the coming few decades could lose
Earth’s biological resources. In pushing other species forever the medicines and food sources we need to
to extinction, humanity is busily sawing off the limb on cure the diseases and hunger that plague mankind.”
Bing Professor of Population Studies ® Stanford University Director ® Missouri Botanical Garden

The Ark is sinking. We need the help of every concemed citizen to conserve the diversity of life
on Earth. For information about how you can help, please write to us at:

Save Endangered Species

Sponsored by: P.O. Box 50771 @ Washington, D.C. 20004

® American Association of ® Desert Fishes Council o National Parks and Conservation
Zoological Parks and Aquariums @ Environmental Defense Fund Association

o American Cetacean Society o Florida Audubon Society o National Shell Fisheries

® American Humane Association o Friends of the Earth Association

® American Institute of Biological ® Friends of the Sea Otter o Natural Resources Defense
Sciences o Fund for Animals Council

® Animal Protection Institute of o Garden Club of America ® Ocean Research and Education
America o Greenpeace U.S.A. Society

o California Native Plant Society ® Humane Society of the United o Sierra Club

o Center for Action on Endangered States ® Society for Animal Protective

..Species ® Intemational Council for Bird Leqislation

o Center for Environmental Preservation o Wildemess Society
Education ® Massachusetts Audubon Society ® World Wildlife Fund - .S.

o Defenders of Wildlife o National Audubon Society
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THE STRUCTURE OF THE UNITED STATES ECONOMY

WHAT MAKES THE U.S. ECONOMY TICK?

The editors of ScienTIFic AMERICAN have prepared a wall chart displaying for the 1980'’s the Input/Output Structure of the U.S.
Economy based on the latest interindustry study from the U.S. Department of Commerce.

The ScienTiFic AMERICAN Input/Output wall chart does for economics what the table of elements does for chemistry. It answers at
a glance questions about the linkage between the microeconomics of the firm and the macroeconomics of the system; about the
web of technological interdependencies that tie industry to industry; about the industry-by-industry direct and indirect conse-
gquences of swings in public and private spending; about the impact of change in technology, and about any other topic you can
think of. You are rewarded by surprise as well as by confirmation of your hunches. For teaching and practical and theoretical
studies, here is a powerful, graphic tool.

In the familiar format of the ScienTiFic AMericaN Input/Output | — - -

wall charts for the 1960’s and 1970’s, the wall chart for the I SCIENTIFIC
1980's measures 65" X 52" and is printed in eight colors. Each AM ERICAN

of the nearly 10,000 cells in the 97-sector interindustry matrix )
shows (1) the interindustry commodity flow, (2) the directinput/ , 415 Madison Avenue, Dept. I/0, New York, N.Y. 10017
output coefficient and (3) the “inverse” coefficient. Where the
direct input/output coefficient exceeds .01, the cell is tinted in
the color code of the industrial bloc from which the input comes.
This device, combined with triangulation of the matrix, brings the
structure of interindustry transactions into graphic visibility.

A supplementary table displays, industry by industry, the capital
stock employed; the employment of managerial, technical-pro-
fessional, white-collar and blue-collar personnel; the energy con-
sumption by major categories of fuel, and environmental stress
measured by tons of pollutants.

chart—printed in eight colors on heavy paper measuring 65" X 52”.
| understand my chart(s) will be shipped prepaid, uncreased*, flat-
rolled and in a sturdy mailing tube. (Allow 4-6 weeks for delivery)
| enclose a check for $ for.
me $5 each in handling charges.
Bill me for $

Name

chart(s) at $35 each, saving

for chart(s) at $40 each.

Company
Street Address

1
YES, send me the new ScienTiFic AMERICAN 1980’s INPUT/OuTPUT Wall }

The editors of SCIENTIFIC AMERICAN are happy to acknowledge the col-

laboration, in the preparation of this wall chart, of Wassily Leontief, origi- City, State, Zip Code

nator of input/output analysis—for which contribution to the intellectual l

apparatus of economics he received the 1973 Nobel prize—and director *Charts shipped international require one fold. 10/82

of the Institute for Economic Analysis at New York University. I
Make check payable to ScienTiFic AMERICAN. Please add sales tax for

Packaged with the chart is an index showing the BEA and SIC code indus- l California, lllinois, Massachusetts, Michigan. and New York.
tries aggregated in each of the 97 sectors.
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Magnetic Fluids

When small ferromagnetic particles are suspended in a Iiquid

carrier, the resulting “ferrofluid’ exhibits unique properties

that are intuitively baffling as well as technologically useful

aferromagnetic material: like an or-

dinary bar of iron it would become
spontaneously magnetized in the pres-
ence of an external magnetic field, but it
would also act as a fluid, capable of as-
suming the shape of its container and of
flowing downhill or around obstacles.
The interaction of the magnetic and the
fluid properties could give rise to quite
unusual phenomena. For example, a
solid ferromagnet, such as a compass
needle, can be induced to move or to
change its orientation by an external
field. In a “ferrofluid” the external field
could act almost independently on every
microscopic volume of the liquid, lead-
ing to a response much more complex
than the motion of a rigid body. One
likely result is that the ferrofluid would
alter not only its position and orienta-
tion in response to the field but also
its shape. A continuously changing field
could even cause the magnetic liquid
to flow. Indeed, virtually every aspect
of hydrodynamics could be considered
afresh in the expectation that magnet-
ism would modify fluid properties in re-
markable ways.

Ferromagnetism is a property of iron,
nickel, cobalt and some compounds and
alloys of these elements. One approach
to creating a ferrofluid might therefore
be to heat a metal until it becomes
molten, but this strategy cannot work.
The reason is that ferromagnetism dis-
appears above a certain temperature,
called the Curie point, which is invari-
ably well below the melting point of the
material. It is possible nonetheless to
create a stable magnetic fluid. The es-
sential idea is to form a colloid in which
minute ferromagnetic particles are sus-
pended in a liquid carrier.

In the past 15 years or so methods
of preparing colloidal ferrofluids have
been developed and the peculiar physi-
cal properties of the liquids have been
explored in some detail. A few appli-
cations of ferrofluid technology have
been introduced and others are clearly
in prospect. A ferrofluid can serve as an
airtight seal in rotating machinery or as

Imagine a liquid with the properties of

136

by Ronald E. Rosensweig

a coolant for the voice coil of a loud-
speaker. Ferrofluids are the basis of in-
genious new techniques for the separa-
tion of materials according to density.
There is also the possibility of develop-
ing a heat engine or a heat pump whose
operation would depend on the magnet-
ic properties of the working fluid.

he idea of creating a colloidal fluid

with ferromagnetic properties was
put forward independently and almost
simultaneously by several investigators.
One of the first and most easily prepared
colloidal systems was developed by Ste-
phen Papell of the National Aeronau-
tics and Space Administration in the
early 1960’s. Papell’s fluid consisted of
finely divided particles of magnetite (a
molecular mixture of the iron oxides
FeO and Fe,03) suspended in kerosene.
To keep the particles from clumping to-
gether or settling out of the suspension
Papell added oleic acid, an organic sub-
stance that served as a surfactant, or dis-
persing agent.

As it happens a suspension of coarse
magnetic particles had been in use since
the 1940’s in magnetic clutches, but Pa-
pell’s colloid resembled a clutch fluid
only superficially. The most important
distinguishing characteristic is the size
of the particles. Under the influence of a
magnetic field a clutch fluid congeals
into a solid mass; hence when it is mag-
netically active, it is not a fluid, and vice
versa. The particles in a ferrofluid are
1,000 times smaller in linear dimensions
(a billion times smaller in volume), with
the result that a ferrofluid does not con-
geal when it is subjected to a magnetic
field. It becomes magnetized, but it re-
mains a liquid.

I began my own study of magnetic
fluids in the 1960’s at the Avco Corpo-
ration, where, in a systematic program,
my colleagues and I succeeded in for-
mulating magnetic fluids that were some
10 times as strong magnetically as Pa-
pell’s original ferrofluid. In collabora-
tion with Robert Kaiser we achieved
considerable flexibility in the choice of
magnetic particle, carrier fluid and dis-
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persing agent. At the same time we elu-
cidated the physical principles responsi-
ble for the properties of magnetic fluids.

When a magnetic field is applied to
a ferrofluid, a body force is developed
within the liquid. A body force is simply
a force experienced throughout a given
volume of the fluid (although the magni-
tude and the direction of the force are
not necessarily the same everywhere).
The effects of the magnetic body force
can be exhibited by allowing a stream of
ferrofluid to fall freely past the poles of
a horseshoe magnet. The field generated
by the magnet, acting on all the particles
in the volume of fluid that lies near the
poles at any instant, deflects the stream
from a vertical path.

A more striking demonstration of the
magnetic body force can be seen when a
metal rod is placed vertically in a shal-
low pool of ferrofluid. If a magnetic
field is imposed by passing a steady elec-
tric current through the rod, the fluid
leaps up and surrounds the rod, forming
a symmetrical concave meniscus, wide
at the base and tapering at the top. The
height of the meniscus accurately maps
the decrease in the intensity of the mag-
netic field with distance from the rod.

In ordinary hydrodynamics the only
body force acting from the outside
on the entire volume of a fluid is the
force of gravity. In magnetohydrody-
namics an ionized gas or a liquid metal
that is carrying an electric current in the
presence of a magnetic field is subject
to another body force called the Lorentz
force, which represents the interaction
of the current with the magnetic field.
In electrohydrodynamics ions or other
particles that bear an electric charge are
acted on by an electrodynamic force
when they are exposed to an electric
field. In the case of a ferrofluid there are
no electric currents or electric charges.
The body force originates from the in-
teraction of a magnetic field with the
ferromagnetic dipole moment charac-
teristic of each colloidal particle.

A magnetic field is described mathe-
matically as a vector quantity, one that



has both a direction and a magnitude at
every point in space. The ferromagnet-
ic dipole moment of a ferrofluid is also
vectorial. The magnitude measures the
strength of magnetization; the direction
is determined by the orientation of an
imaginary line passing from the south
pole to the north-pole through any small
region of the ferrofluid. In a uniform
applied magnetic field the force on a
north pole is in the direction of the lo-

e

cal field present at the position of the
pole, whereas the force on a south pole
has the same magnitude but is in the
opposite direction. Each sample of fluid,
like any other magnetized body, always
has equal numbers of north and south
poles. Because the field ordinarily varies
at least slightly from point to point the
force on the sample depends on the rate
of variation of the field in both direction
and magnitude.

Vectors have a special calculus of
their own that allows this complicated
physical effect to be expressed exactly. It
turns out that in a Cartesian, or rectan-
gular, coordinate system the equation
describing the force on a ferrofluid is
made up of nine terms. By introducing
some reasonable assumptions about the
nature of the ferrofluid itself, however,
one can simplify the description. Briefly,
one assumes that a magnetic dipole par-

INTRICATE MAZE PATTERN evolves rapidly when a magnetic
liquid (dark) and an immiscible nonmagnetic liquid (/ight) are subject-
ed to a uniform horizontal magnetic field. The ferrofluid consists of
fine particles of magnetite (a form of iron oxide) suspended in kero-
sene. The two liquids are in a glass cell 75 millimeters on a side with
a one-millimeter separation between the walls. The density of the
transparent nonmagnetic liquid is 18 percent less than that of the
opaque ferrofluid. In the absence of a magnetic field the denser mag-

netic liquid will remain at the bottom of the cell indefinitely. When
the magnetic field is applied, however, small perturbations grow into
invasive fingers. The first three photographs are from a sequence of
36 made in the first nine seconds after the magnetic field was turned
on; the fourth photograph was made at the end of 90 seconds, when
equilibrium had been reached. The labyrinthine pattern formed by
the liquids resembles the pattern of magnetic domains seen in thin
slices of garnet used in fabricating magnetic-bubble-memory devices.
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ticle in the fluid aligns itself parallel with
the local magnetic field as if it were a
compass needle and that no electric cur-
rents are present to alter the field. These
assumptions collapse the nine-term
equation for the body force into a single
relation. The force acting on a colloidal
magnetic particle is proportional to the
product of two quantities: the absolute
value of the magnetic moment and the
spatial gradient of the magnitude of the
applied field. (The gradient is a measure
of how rapidly the field changes from
point to point in space.) After making
this transformation one is able to work
with field magnitudes and essentially to
suppress the bothersome vectorial as-
pect of the fields.

One of the most useful relations in
fluid mechanics is the equation the Swiss
mathematician Daniel Bernoulli pre-
sented in his Hydrodynamica of 1738.
The equation relates the pressure, the
velocity and the elevation of a fluid
flowing in a gravitational field. Bernoul-
li showed that when the three forms of
energy inherent in the flow—pressure
energy, kinetic energy and gravitational
energy—are added, their sum remains

constant, provided the effects of friction
are negligible. With the Bernoulli equa-
tion one can calculate such quantities as
the variation of pressure with depth in
a reservoir, the lift on the wing of an
airplane or the force generated by wind
on a sail.

In a ferrofluid magnetic interactions
can also contribute to the energy. By
taking into account the magnetic body
force Joseph L. Neuringer of the Uni-
versity of Lowell and I were able to ex-
tend Bernoulli’s equation and arrive at
a ferrohydrodynamic equation. The in-
fluence of magnetization appears in the
equation as a negative magnetic-energy
term added to the sum of the three or-
dinary Bernoulli terms. The magnetic
term is equal to the product of the mag-
nitude of the applied magnetic field and
the average magnetic moment of the flu-
id in the volume exposed to the field.
Determining the average magnetic mo-
ment requires knowledge of how the
moment varies with changes in the in-
tensity of the applied field. The equa-
tion provides an exact prescription for
describing or predicting ferrohydrody-
namic effects.

HIGHLY SYMMETRICAL INSTABILITY is exhibited when a uniform magnetic field is
oriented perpendicular to the horizontal surface of a ferrofluid. For the effect to appear the
magnetic fluid must be capable of accepting a high degree of magnetization, which means that
it must contain at least about .25 milligram of finely divided magnetite per milliliter. The points
and bars that appear white are flat surfaces either above or below the level of the surround-
ing liquid. The hexagonal symmetry of the pattern, which does not depend on the shape of
the container, has not been fully explained, although the spacing of the cells can be predicted.
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The interactions of the energies repre-
sented by terms in the ordinary Bernoul-
li equation give rise to broad classes of
basic flows. It is the interaction of pres-
sure and kinetic energy, which depends
on velocity, that determines the lift on
an airplane wing. Pressure and gravity
interact in a manometer or a barometer.
Kinetic energy and gravity together de-
termine the height reached by a stream
of water emerging from a fountain. The
pairing of the magnetic term with the
other energy terms of the Bernoulli
equation should yield new classes of
flows peculiar to magnetic fluids. In-
deed, this is the case, with the result
that the number of basic flow classes is
increased from three to six. The interac-
tions of pressure and velocity, pressure
and gravity and velocity and gravity are
augmented by interactions of magneti-
zation and pressure, magnetization and
gravity and magnetization and velocity.

Et us consider first the interaction
of magnetization and gravity. The
type of flow is exemplified by the experi-
ment described above in which a ferro-
fluid climbs a vertical rod that is carry-
ing a current. The interaction can be
understood by evaluating the magnetic-
energy term in the extended Bernoulli
equation. The magnetic field lines creat-
ed by the current in the rod consist of
concentric circles; the intensity of the
field, or in other words the density of
the lines, varies inversely with distance
from the center of the rod. Because the
magnetic liquid is attracted to regions of
higher field intensity a parcel of ferro-
fluid near the rod must have work done
on it for it to be moved away from the
rod. The total work that would be done
in moving the parcel from some finite
radius to a very distant point is the mag-
netic energy of the parcel. Note that the
fluid far from the rod must have more
magnetic energy than the fluid near the
rod, even though the latter is in the re-
gion of highest field intensity. The mag-
netic energy far from the rod is arbi-
trarily assigned a value of zero and as
a result the magnetic energy anywhere
near the rod is negative.

Now consider the gravitational ener-
gy of various parcels of fluid. As a par-
cel is elevated to a higher position along
the rod its gravitational energy increas-
es. On the meniscus the pressure is con-
stant everywhere and the velocity is
zero. Under these conditions, according
to the augmented Bernoulli equation,
the sum of the gravitational energy and
the magnetic energy must also remain
constant. The parcels of fluid nearest the
rod, which have the least magnetic ener-
gy, must have the most gravitational en-
ergy and therefore climb the highest.

The interaction of magnetism and
pressure has equally interesting conse-
quences. For example, a plug, or blob,
of ferrofluid can be made to form a tight



seal in a tube connecting two vessels in
which gases are at different pressures. A
plug made up of an ordinary fluid would
simply be displaced until the pressures
were equalized. A ferrofluid plug can
be held in place by a focused magnetic
field imposed from the outside. When
the pressure in the vessels is equal, the
plug stays in the middle of the field.
If the pressure in one of the vessels is
raised, however, the plug moves only a
short distance toward the region of low-
er pressure before it is locked in place
by magnetic forces.

The mechanism of this action is also
explained by the ferrohydrodynamic
Bernoulli relation. The analysis is sim-
plest if the system is horizontal (so that
the gravitational energy is constant) and
motionless (so that the kinetic energy is
zero). The sum of the pressure energy
and the magnetic energy is then constant
everywhere in the plug of ferrofluid. As
an imbalance of pressure displaces the
plug, the fluid on the low-pressure side is
pushed into the weak fringe of the mag-
netic field; increasing the fluid’s magnet-
ic energy. At the same time the fluid
pushed into the strongest part of the
field loses magnetic energy. The two
changes work together to create a pres-
sure difference in the ferrofluid that ar-
rests the displacement of the plug.

A fluid seal is unlikely to be needed in
a simple tube, where a valve or a solid
plug would serve as well. The situation
is different, however, where a rotating
shaft must pass between gastight com-
partments. Indeed, pressure seals for ro-
tating shafts were the first commercial
application of ferrofluids. An optimized
single-stage seal can withstand a pres-
sure differential of one atmosphere, or
14.7 pounds per square inch.

A somewhat unexpected observation
is that when a droplet of ferrofluid is
exposed to a uniform magnetic field, the
droplet elongates in the direction of the
field. Although this effect is consistent
with the expanded Bernoulli equation,
it is not predicted by it. The equation
states only that magnetic energy is con-
stant for a field that is uniform within
the droplet. The elongation arises from
variations in magnetic stress at the sur-
face of the droplet. The effect can be
explained mathematically by evaluating
differences in magnetic stress across the
droplet surface with the aid of a concept
called the magnetic-stress tensor. The
calculation provides a boundary con-
dition that must be satisfied along with
the Bernoulli equation wherever a fer-
rofluid has a free surface.

et us now consider in more detail the
nature of a colloidal magnetic flu-

id. The kinetic theory of matter suggests
that a sufficiently fine particle of matter
can remain suspended indefinitely in a
liquid even though the particle’s density
is much higher than the liquid’s. The

BALANCE OF MAGNETIC AND GRAVITATIONAL FORCES is demonstrated when
an electric current is passed through a metal rod placed upright in a pool of ferrofluid. The
photograph at the left shows the experimental arrangement in the absence of current. When
the current is turned on, the fluid leaps upward, as shown in the photograph at the right. At each
point in the ferrofluid the sum of the magnetic, gravitational and pressure energies is constant.

particle is kept from settling because it
collides continually with molecules of
the liquid, which are in random thermal
motion. The molecules share their kinet-
ic energy with the suspended particle.
The energy carried by the moving parti-
cles is given in units of Boltzmann’s con-
stant k, which has a numerical value of
1.38 X 10-16 erg per degree Kelvin per
particle. The energy of an individual
particle is equal to k7, where T is the
temperature in degrees Kelvin. For a
particle to remain in suspension indefi-
nitely this thermal energy must be equal
to or greater than the gravitational ener-
gy needed to raise the particle to the
height of the container holding the fluid.

When the calculation is done for a
magnetite particle with a density of 5.2
grams per cubic centimeter suspended
in a bottle filled to a depth of 10 centi-
meters with a typical oil, it turns out that
the particle can be no larger than 100
angstrom units, or a millionth of a centi-
meter. This is the .largest particle that
will spend nearly equal times in all re-
gions of the fluid.

When many particles are present in
the same volume of liquid, a new possi-
bility arises. If two or more particles col-
lide, they may stick together, effectively
creating a single heavier particle. The
ratio of thermal energy to gravitational
energy is thereby reduced, which can
again lead to settling.

The particles in a ferrofluid are at-
tracted to one another by two forces: the
magnetic force and the van der Waals
force. The magnetic forces are present
even when the fluid has not'been mag-
netized by an external field: In a bulk
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solid no magnetization is seen under
these conditions. The reason is that such
a solid is made up of many individu-
al magnetic domains, whose magnetiza-
tion vectors are oriented randomly and
therefore cancel. The size of a domain is
on the order of a micrometer, or about
100 times the size of a 100-angstrom
particle. Each ferrofluid particle is a
single domain, or subdomain, and is in-
herently magnetized to saturation. Al-
though the spontaneous magnetization
of the ferrofluid particles gives rise to an
attractive force between them, it gener-
ally does not cause agglomeration. Pre-
cisely because the particles are so small
the magnetic force is quite weak in a
properly prepared fluid. The van der
Waals force, however, is significant and
must be dealt with.

The origin of the van der Waals force
lies in the electronic structure of atoms
and molecules. A molecule with an elec-
tric dipole moment (that is, an excess of
electrons in one region and a deficiency
elsewhere) can induce a similar distribu-
tion of electric charge in nearby mole-
cules. The van der Waals force is the
attraction that arises between dipoles,
which in turn are created by fluctuations
in electronic structure. According to a
model devised by Fritz London, the en-
ergy needed to overcome the van der
Waals force between two particles is in-
versely proportional to the sixth power
of their center-to-center separation. For
spheres of equal size the van der Waals
energy is equal to the thermal energy kT
when the two spheres are separated by
about-the radius of one sphere, a result
that holds for spheres of any size. As the
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spheres move closer the energy needed
to overcome the van der Waals attrac-
tion increases rapidly. Hence to avoid
agglomeration in a colloid the particles
must be kept well apart.

In preparing a magnetic fluid the nec-
essary separation can be achieved by
coating each particle with a molecular
film that acts as an elastic cushion. The
particles themselves can be made in one
of two general ways: by reducing the
size of coarse particles or by precipitat-

ing particles of the wanted size from
a solution. Grinding is the most con-
venient method for reducing the size
of large particles. Precipitation, how-
ever, is preferred for large-scale pro-
duction. Whatever the method, the sur-
factant coating needed to ensure ade-
quate separation is either present when
the particles are made or is added to
them soon thereafter.

The surfactant molecule has a polar
chemical group, or head, that adheres to
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STABILITY OF A FERROFLUID depends on making the magnetic particles very small and
on preventing them from agglomerating. The particles are about 100 angstrom units in diame-
ter and are kept from settling by the random thermal motion of molecules in the surrounding
liquid. The particles are kept from sticking together by coating them with a substance called a
surfactant in a layer one molecule thick. Although each particle resembles a small bar magnet,
magnetic attraction turns out to be negligible for very small particles. The major attractive
force is the van der Waals force, which arises between any particles having fluctuating electric
charges that are not uniformly distributed. Because the van der Waals force decreases rapidly
with distance it can be overcome by surrounding each particle with chainlike surfactant mole-
cules, which serve as bumpers. Each molecule of a surfactant such as oleic acid has a polar
“head” that can be adsorbed on the particle surface and a “tail” with an affinity for the sur-
rounding liquid (upper left). The bumpers give rise to a force of repulsion and hence to an ener-
gy barrier that can keep the particles separate if the speed with which they approach each oth-
er is not too great (curves at upper right). If the bumper molecules are too short or have an
unsatisfactory configuration, the particles can agglomerate (diagram and curves at bottom).
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the surface of the particle and a tail at
least 10 to 20 angstroms long that has an
affinity for the carrier fluid. The tails are
in constant wagging motion, creating a
repulsion that tends to separate the par-
ticles where the projecting tails overlap.
Oleic acid, which stabilizes a suspension
of magnetite particles in a kerosene car-
rier, is an organic molecule whose tail is
a chain of 18 carbon atoms and whose
head is a polar carboxyl group (COOH).
Apparently an important structural re-
quirement for an effective surfactant is
that the tail have either a bulge or a kink,
which seems to inhibit neighboring mol-
ecules from nesting together and form-
ing crystals. In oleic acid a kink is sup-
plied by a double bond in the middle of
the 18-carbon chain. Stearic acid, which
differs from oleic acid only in that it
lacks the double bond, is ineffective as
a surfactant.

Polymers that have several head
groups with an affinity for magnet-
ic particles are the most tenacious sta-
bilizers. If one head group becomes de-
tached from the particle, the chances
are that others will hang on, thereby
preserving the integrity of the elastic
layer. Depending on the choice of sur-
factant and suspension medium, ferro-
fluids have densities beginning at about
the density of water and ranging up to
twice that value.

The energy relations that determine
the properties of a colloid are known at
least approximately. The elastic bump-
ers that enclose a colloid particle give
rise to a repulsive force provided the
distance between the surfaces of two ad-
jacent particles is somewhat less than
twice the thickness of a single bumper
layer. The particles can approach closer
than this distance only if their thermal
energy is sufficient to overcome the re-
pulsion of the surfactant layers. At ordi-
nary temperatures the surfactant layer
ensures the long-term stability of the
colloid.

One of the most important properties
of a stable ferrofluid is the way it re-
sponds to an applied magnetizing field.
I mentioned above that the magnetite
particles in a ferrofluid are smaller than
a single magnetic domain and are there-
fore fully saturated spontaneously. Nev-
ertheless, when a magnetic field of low
to moderate strength is applied to a
ferrofluid, not all the particles immedi-
ately fall into alignment with the im-
posed field. The field must be increased
considerably before full saturation, or
maximum magnetic alignment of parti-
cles, is achieved.

The reason is that random thermal ag-
itation keeps knocking the magnetic mo-
ments out of alignment. There are two
possible mechanisms that might be re-
sponsible for this effect: either the mag-
netic moment is locked to the crystal
structure of the particle and the particle



rotates with the moment, or the direc-
tion of the magnetic moment rotates
with respect to the crystal structure. The
difference between the two mechanisms
is of no practical importance because
their statistical description is the same.
The response of the particles to an im-
posed field is equivalent to the phenom-
enon of paramagnetism observed in the
polarization of molecules that have a
dipole moment. Since a ferrofluid par-
ticle is much larger than a single mol-
ecule, the moment per particle is also
much larger and the response is known
as superparamagnetism. A similar form
of magnetism is charactistic of the parti-
cles used for magnetic recording, in geo-
logical rock specimens and in finely di-
vided ferromagnetic catalysts.

ne of the macroscopic properties of
ferrofluids that I believe I was the
first to observe is an unexpected kind of
levitation. If one were to place a non-
magnetic sphere such as a glass marble
in a sealed vessel holding a ferrofiuid
whose specific gravity is lower than that
of the sphere, one would expect the
sphere to sink to the bottom, and it does.
If the vessel is placed between the like
poles of two magnets of equal strength,
one directly above the ferrofluid and
one below it, the sphere rises from the
bottom of the vessel and moves toward
the center of the fluid. There it remains
floating as long as the field is applied.

What is the explanation? Since the op-
posing magnets are equally strong, the
field in the center of the fluid must be
zero and it must increase symmetrically
outward. As I showed above, however,
the magnetic energy of the fluid is in-
versely proportional to field strength,
which means the magnetic energy is
highest in the center of the fluid and de-
creases steadily with distance from the
center. According to the ferrohydrody-
namic Bernoulli equation, the sum of
the magnetic energy and the pressure
must be constant everywhere in the flu-
id, and so the pressure must be lowest in
the center and increase with distance as
the magnetic energy decreases. Hence
the glass sphere experiences nonuniform
pressure forces that tend to raise it from
the bottom of the vessel, propel it to the
center of the fluid and hold it there in
stable equilibrium.

In a related discovery I found that the
levitation system can be turned inside
out, so to speak. The source of the exter-
nal magnetic field can be the levitated
object itself. A ferrofluid will levitate a
solid magnet that is almost four times as
dense as the fluid. Recent applications
of ferrofluid buoyancy include the sort-
ing of diamonds from beach sand by se-
lective flotation and the guidance of a
petroleum drilling bit with an under-
grouf accelerometer in which the sen-
sitive mass is levitated in a ferrofluid.

The flowing of an ordinary fluid can
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BASIC RESPONSES OF A FERROFLUID to forces of pressure, motion and gravity in the
presence of a magnetic field can be understood by expanding the fluid-dynamics equation of
Daniel Bernoulli to include magnetism as a fourth force. Bernoulli showed that in an ordinary
liquid (disregarding friction) the sum of the energies associated with pressure, motion and grav-
itation is constant. For a ferrofluid, magnetic energy must be included as a negative term in the
equation, and it is the sum of the four quantities that is constant (fop). Regions of the ferrofluid
with higher magnetic energy are shown in darker color. The augmented equation predicts how
a plug of ferrofluid in a magnetic field (a) responds to a change in pressure if kinetic energy
and gravitational energy are held constant. When the pressure in region 4 is higher than that in
region 1, the ferrofluid plug is pushed to the right until the pressure in region 3 matches that in
region 4, with a compensating loss of magnetic energy; the pressure in region 2 falls until it
matches the pressure in region 1, with a compensating gain in magnetic energy. The coupling
of kinetic energy and magnetic energy can be seen in a free-flowing horizontal ferrofiuid jet
(b). Work done on the fluid by the magnetic field reduces both the cross section of the stream
and the fluid’s content of magnetic energy while increasing its velocity. There is no change in
the fluid’s internal pressure or its gravitational energy. The coupling of gravitational and mag-
netic energy forms a magnetometer (c). A change in the intensity of the field generated by a
magnet alters the height of the ferrofluid between the poles of the magnet. When a ferrofluid
droplet is exposed to a uniform field, the droplet responds to unequal surface stresses by elon-
gating (d), an effect that is consistent with the expanded equation but is not predicted by it.

become unstable in a number of ways.
At low speed, for example, a liquid
flows smoothly in a tube, but at a crit-
ical velocity the smooth laminar flow
becomesturbulent. Water flows smooth-
ly past a sphere at low speed, but as the
velocity is increased eddies are shed pe-
riodically downstream. Magnetic lig-
uids exhibit new instabilities that have
not been observed in any other fluids.

he most characteristic instability of

a ferrofluid arises even when the
fluid is motionless, provided it is capa-
ble of accepting sufficient magnetiza-
tion. One exposes a pool of ferrofluid
to a magnetic field oriented perpendicu-
lar to the surface. As the intensity of
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the field is raised the flat surface sud-
denly breaks up into a hexagonal pat-
tern of spikes. My colleagues and I first
observed the phenomenon soon after
we had succeeded in preparing a ferro-
fluid 10 times more magnetic than those
originally available.

M. D. Cowley of the University of
Cambridge and I have done a mathe-
matical analysis that predicts the on-
set of the instability and the spacing of
the pattern. According to our findings,
small random waves that are always
present on the surface become amplified
because they focus the magnetic field
and with it the magnetic stress to which
they themselves are subjected. When
the magnetic force exceeds the restor-
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LEVITATION OF A NONMAGNETIC OBJECT, an effect discovered by the author, is an-
other demonstration of the expanded Bernoulli relation. When a container filled with a ferro-
fluid is placed between the like poles of two bar magnets of equal strength (/eff), the magnetic
energy is highest at the center of the fluid and decreases symmetrically outward. Since the sum
of the magnetic energy and the pressure must be constant everywhere, the pressure is lowest at
the center and increases with distance from it. When a nonmagnetic object such as a glass mar-
ble is placed in the container (right), it moves to the center and remains there in equilibrium.

ing forces of surface tension and grav-
ity, numerous small peaks begin to ap-
pear on the surface. The peaks that grow
fastest either suppress or subsume their
neighbors, so that the surviving peaks
tend to be uniformly spaced at the maxi-
mum possible distance. The spacing is
most efficiently accommodated in a hex-
agonal pattern.

Another instability can be seen when
a magnetic fluid and a transparent im-
miscible fluid are sandwiched between
two closely spaced glass plates. In the
absence of an imposed field the interface
is a horizontal line with the denser mag-
netic fluid resting stably below. When a
magnetic field is applied perpendicular
to the plates, however, the interface de-
velops a comblike appearance as fin-

gers of ferrofluid begin pushing upward,
leaving gaps for the nonmagnetic fluid
to move downward. In a matter of sec-
onds a complex labyrinthine pattern de-
velops, similar in form to the transitions
between magnetic and nonmagnetic re-
gions in films of certain superconduc-
tors and also to the wiggly domain pat-
terns that can appear in ferromagnetic
garnets used in magnetic-bubble-memo-
ry devices. At the Massachusetts Insti-
tute of Technology, James R. Melcher
and his students have studied a number
of systems in which a tangentially ori-
ented magnetic field has the opposite
effect: it suppresses instabilities that
would otherwise develop in a ferrofluid.

One striking ferrofluid instability has
been investigated in the U.S.S.R. by

SELF-LEVITATION OF A MAGNETIC OBJECT represents an inversion of the phenome-
non shown in the preceding illustration. The two X-ray images show a disk magnet stably sus-
pending itself in a beaker of ferrofluid. In the side view the magnet, which is almost four times
as dense as the fluid, is seen hovering above the bottom of the beaker. The phenomenon, dis-
covered by the author, has been applied commercially in low-friction bearings for instruments.
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B. M. Berkovsky and V. G. Bashtovi of
the A. V. Luikov Heat and Transfer In-
stitute in Minsk. The experiment calls
for placing a ferrofluid in a liquid bath
of the same density and introducing
a horizontal current-carrying wire. At
a sufficiently high current (and hence
magnetic field) the ferrofiuid is attracted
to the wire and forms a cylinder around
it. As the current is reduced again the
cylinder breaks up into a number of
evenly spaced bulges resembling beads
on a string. The instability is a well-
known one in which a disturbance con-
serves the volume of a fluid cylinder
while decreasing its surface area; if the
process is continued, the cylinder breaks
up into droplets. The phenomenon can
be seen in a jet of water emerging from a
faucet: the water emerges as a smooth
cylinder, which then becomes wavy and
ultimately disintegrates. In a ferrofluid
the instability is controlled by the ratio
of the magnetic energy to the surface-
tension energy. The ability to establish,
control and even prevent a variety of
fluid instabilities by magnetic means
suggests a number of potential applica-
tions that are under investigation.

One further peculiarity of the flow of
a ferrofluid can be demonstrated
by considering what happens when a ro-
tary motion is imparted to the ferrofluid
in the presence of a magnetic field. Sup-
pose an ordinary fluid and a ferrofluid
are placed on a rotating platform. In the
nonmagnetic fluid the angular momen-
tum induced by rotation varies from one
point to another, but at any one point it
has a single value, or component. The
situation can be analyzed by considering
the shear stress—the force that tends to
make one parcel of fluid slide past an
adjacent one—on a small cubical vol-
ume of the fluid. As a consequence of
the law of conservation of momentum
the opposing components of the shear
stress acting on the cube must be equal
on the four sides perpendicular to the
plane of rotation.

When the rotating fluid is a ferrofluid
polarized by a nonrotating horizontal
magnetic field, the situation is quite dif-
ferent. As the magnetic particles are car-
ried around by the rotation of the plat-
form they try to stay aligned with the
field, but because of friction there is al-
ways some angle of lag between the par-
ticle orientation and the direction of the
field. Furthermore, since each particle
rotates in trying to maintain its align-
ment, it has an “internal” angular mo-
mentum that is distinct from the ‘“ex-
ternal” angular momentum of the sur-
rounding liquid carrier. As a result the
opposing components of surface shear
on the cube of ferrofluid are no longer
equal; the stress then includes elements
that are described as antisymmetrical.
Because the rotating magnetized parti-
cles can diffuse through the fluid they



can transport angular momentum to
neighboring volumes of the fluid. Thus
the rotation of the individual particles
can become coupled to the motion of
the fluid as a whole.

What I have just described is the re-
sponse of a rotating ferrofluid to a non-
rotating field. In our early experiments
at Avco my colleague Ronald Mosko-
witz and I were curious to see what
would happen if the ferrofluid in a sta-
tionary beaker were subjected to a rotat-
ing magnetic field. A rotating field is
easily generated with an arrangement
of coils such as the one in an alternating-
current electric motor. We found that
the ferrofluid rotates vigorously as the
particles try to remain oriented to the
field. In a field rotating at 1,000 revolu-
tions per second the fluid is soon swirl-
ing at 200 revolutions per minute.

Two British investigators, R. Brown
of the University of Sheffield and T. S.
Horsnell of the British Steel Corpora-
tion, repeated the experiment with the
beaker resting on a turntable that was
free to rotate. They were astonished to
see the fluid rotating in one direction
and the beaker and turntable in the oth-
er. Moreover, the fluid’s direction of ro-
tation was opposite to that of the field!
The phenomenon has not yet been satis-
factorily explained, but it is probably
associated with the boundary conditions
induced by antisymmetrical stress. The
existence of antisymmetrical stress is
not taken into account in the ferro-
hydrodynamic Bernoulli equation. In
most cases the effects of antisymmet-
rical stress can be neglected, but it is ap-
parent that such stress can have major
consequences in certain circumstances.

Commercial applications of magnetic
fluids have been pioneered by the
Ferrofluidics Corporation of Nashua,
N.H.,, a firm Moskowitz and I founded
in 1968. I have already mentioned that
the earliest application was in seals that
prevent leakage in the gap that is always
present between a rotating shaft and its
supporting structure. The seal needs
only a few drops of a ferrofluid in the
gap between the shaft and a cylindrical
permanent magnet that forms a collar
around it. The fluid creates an imper-
meable ring around the shaft while al-
lowing it to rotate with negligible fric-
tion. Seals of this kind provide a barrier
between the atmosphere and the inter-
nal vacuum of furnaces for growing sili-
con crystals. They have also been ap-
plied to the sealing of gas lasers, motors,
blowers and many other devices. In the
disk memory units of a digital computer
the “heads” for reading and writing in-
formation hover just millionths of an
inch over a spinning disk. A particle of
airborne dust that lodges between the
head and the disk can cause a head
“crash,” destroying the recording sur-
face. Wear particles from the disk’s own

bearings can also lead to a crash. A fer-
rofluid seal can eliminate both sources
of contamination.

In order to cope with higher pressure
differentials seals with multiple stages
have been designed. When the seal is
pressurized, each stage momentarily de-
velops a bubbly leak that pressurizes
the interstage chambers. The total pres-
sure that can be contained is the sum
of the pressure differences across all the
stages. One rotary seal with 160 stages

has withstood a pressure differential of
66 atmospheres, or nearly 1,000 pounds
per square inch.

A variant of the ferrofluid pressure
seal has proved useful in the design of
loudspeakers. The major working ele-
ment of most loudspeakers is a cylindri-
cal voice coil fitted to a cylindrical per-
manent magnet with a small gap that
allows the coil to move. The heat devel-
oped in the voice coil can be dissipated
more readily when the air in the gap is
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ANTISYMMETRICAL STRESSES are set up in a ferrofluid when an imposed magnetic field
is shifted from one orientation to another. When a nonmagnetic fluid is suddenly rotated, a
cubic parcel of fluid (a) experiences shear stresses that are symmetrical. When a ferrofluid is
rotated with respect to a magnetic field (b), the magnetic particles experience a torque that sets
up unbalanced shear stresses. The change in relative field direction creates a body couple, or
distribution of torque, within small parcels of fluid. Because the body couple varies from point
to point surface couples are also generated that transport angular momentum throughout the
fluid. If a rotating magnetic field is created around a ferrofluid in a beaker (c), the bulk fluid,
in response to antisymmetrical stresses, rotates counter to the field. If the beaker is placed on a
freely rotating platform (d), the fluid and the beaker rotate in opposite directions. If a ferro-
fluid is placed between a stationary lower disk and a rotating upper disk and subjected to a ver-
tical magnetic field (e), the apparent viscosity of the ferrofluid increases, making it more diffi-
cult to turn the upper disk. If a vertical magnetic field is imposed on a ferrofluid flowing across
a stationary flat plate (f), the velocity of the fluid in the boundary layer near the plate is reduced
not only by friction but also by a magnetic coupling between the fluid and the applied field.
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replaced by a liquid. An ordinary liquid
would drip out of the gap, but a ferro-
fluid is retained by the magnetic field
already present. There is the promising
possibility of designing acoustic sources
in which sounds are produced directly
by vibrations of magnetically excited
ferrofluids.

Magnetic levitation in a ferrofluid is
the basis of several processes for the
separation of materials that differ in
density. Ordinary methods of separa-
tion by flotation rely on heavy liquids or

| slurries, but they are incapable of float-

ing substances with a specific gravity
higher than 5 or so. Moreover, many of
the liquids are quite toxic. The magnet-
ic-levitation forces that can be estab-
lished in a ferrofluid are strong enough
to float a material of any density. The
one limitation is that the material itself
must be nonmagnetic.

In the U.S. a ferrofluid pilot plant
has been designed to separate industri-
al scrap metals, including nonferrous
scrap from automobiles. The Bureau of
Mines has demonstrated that ferrofluids
can separate various metals left from
the incineration of solid wastes. In Ja-

pan, Hitachi Ltd. has sorted compo-
nents of household electrical appliances
made out of aluminum, zinc and copper.
It is reported that paramagnetic salt so-
lutions are being used in the U.S.S.R. for
laboratory mineralogical analysis and
that a similar process is sorting dia-
monds from rock in South Africa. Fer-
rofluids have also found application in
ink-jet printing, in the control of alpha-
numeric displays and in the detection
of magnetic domains and other metallur-
gical structures.

One important class of ferromagnet-
ic phenomena has not yet been
exploited commercially in ferrofluids,
namely the change in magnetic strength
that accompanies a change in tempera-
ture. As the Curie point is approached
a small increase in temperature causes
a large decrease in magnetization. The
reason is that thermal agitation disrupts
the parallel alignment of the individual
magnetic dipole moments within each
magnetic domain. Magnetism and tem-
perature are connected in another way
as well. Because temperature is a mea-
sure of disorder a sample of material
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APPLICATIONS OF FERROFLUIDS have grown steadily since 1968. The first useful de-
vices (a) were wear-free seals for rotary shafts in which a liquid ring of ferrofluid is gripped in
a focused magnetic field of high intensity. The seals prevent leakage or mixing of gases. Multi-
ple sealing stages (b) can withstand a pressure difference of as much as 50 atmospheres per 10
centimeters of shaft length. Another device (c) damps unwanted oscillations in systems such as
numerically controlled machine tools or graphics plotters, where smooth incremental motion
is essential. The damping is done by an inertial mass composed of magnets self-levitated in a
ferrofluid sealed in a chamber that rotates with the shaft. In a loudspeaker (d) a ferrofluid is
held in place by the ring magnet that surrounds the voice coil. The ferrofluid not only increases
power handling by dissipating heat but also flattens the frequency response of the loudspeaker.
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that is thermally insulated from its sur-
roundings must become cooler when
it is magnetized. Conversely, a sample
that is magnetized while it is held at a
constant temperature must transfer heat
to its surroundings as it becomes more
ordered magnetically.

A ‘“magnetocaloric” engine that em-
ploys a magnetic colloid as a working
fluid has been analyzed by E. L. Res-
ler, Jr., of Cornell University and me.
The engine consists of a magnet, a heat
source, a heat sink and a loop of tubing
filled with ferrofluid. Once the fluid is set
in motion it circulates through the loop
transferring heat from the source to the
sink, with the capacity for doing work.
As the fluid leaves the heat sink it is
attracted to the magnet, where its tem-
perature is raised by the heat source,
which lies within the magnet’s field.
With rising temperature the fluid’s mag-
netization diminishes and it leaves the
region of the magnetic field. The heat
sink cools the fluid to its original tem-
perature in preparation for another cy-
cle. The engine could be designed so that
the fluid would drive a turbine or pass
through a magnetohydrodynamic gen-
erator for direct production of electrici-
ty. It can be shown that the thermal effi-
ciency of the ferrofluid engine should
approach that of the Carnot cycle, a lim-
it no heat engine can exceed. It is possi-
ble the ferrofluid cycle will find applica-
tion in pumps with few moving parts, in
cooling devices and even in the produc-
tion of electric power from sources of
low-grade heat. A solar heating system
with a magnetic working fluid could
drive its own circulation.

Many industrial devices rely on ther-
mal convection for the transfer of heat,
and here too ferrofluids may find a new
and interesting role. Convection takes
place whenever a fluid is heated non-
uniformly, typically when an enclosed
fluid is heated at the bottom and cooled
at the top. The heated lower layers be-
come less dense than the cooler upper
layers, which is an unstable configura-
tion. When the temperature difference
between the bottom and the top exceeds
a critical value, an organized pattern of
fluid circulation develops as heavier and
lighter regions of the fluid respond to
gravitation.

When a gradient magnetic field
(stronger at the bottom of the vessel
than at the top) is applied to a heated
ferrofluid, it induces convection that can
be much more vigorous than simple
gravity convection. The circulation is
driven by changes in the magnetization
of the fluid with changes in temperature
rather than by changes in density. The
effect may prove useful in removing
heat from motors, transformers and
other electrical equipment where mag-
netic fields are present. I am confident
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Tidal Bores

A bore is the hydraulic analogue of a sonic boom: a moving wall

of water that carries the tide up some rivers that empty into the

sea. For several hours after it passes the river flows upstream

e huddled together on the
bank of the river in the cool
spring night, drinking tea and

warming our hands at the fire. The full
moon shone intermittently through the
clouds, illuminating the river below.
Suddenly from downstream came the
cry “Flood—O!” We ran higher up the
bank with a low, rumbling sound in our
ears. As we reached the top of the bank a
wall of water four feet high passed be-
low us, moving faster than we could run.
The wave was moving upstream, carry-
ing with it pieces of wood and other de-
bris. In the few minutes it took for the
wave to move out of range of our hear-
ing the water level rose another two feet.
Gradually the turbulence subsided into
gentle eddies, and after an hour the river
began flowing toward the sea again.
Thus in 1978 did I get my first sight
of the tidal bore on the River Severn in
southwestern Britain. A tidal bore is a
remarkable hydrodynamic phenome-
non: it is the incoming tide in the form of
a wave going up ariver thatempties into
the sea. After the bore passes, the river
flows upstream for some time before the
current reverses again. For a river to
have a bore two conditions must be met.
The tides in the adjoining tidal body
must be exceptionally high; a difference
of more than 20 feet between high and
low water is generally required. In addi-
tion the river must be shallow with a
gently sloping bottom and a broad, fun-
nel-shaped estuary. As the incoming
tide is forced into the narrowing river
mouth it builds in height until a single
wave materializes and moves upstream.
A bore is a member of the class of
solitary waves. Such waves appear in
many forms and in many mediums be-
sides water; they are even observed in
the atmosphere of Mars. Their most in-
triguing property is that they do not dis-
perse. Like all waves, a tidal bore is
made up of many sinusoidal waves with
many different wavelengths. In deep wa-
ter the component waves move with dif-
ferent speeds and separate from one an-
other. Because of the way shallow-water
waves interact with the bottom in the
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estuary, the component waves of the
bore move at the same speed. Hence in-
stead of dispersing they travel upriver
together as a single wall of water. Such
solitary waves are curious and attractive
for their own sake, but they are of par-
ticular current interest because they rep-
resent the solution to problems in sever-
al scientific disciplines.

Bores are elusive. They vary from riv-
er to river and even from tide to
tide. Moreover, they have not been
much studied in the 20th century. For
these reasons any generalization about
bores must be carefully qualified. As we
have seen, a bore is a solitary wave that
carries a tide upstream. The bore can
be as low as a few inches or as high
as 25 feet. Most bores are higher near
the banks than they are in mid-channel.
The formation of the bore represents the
turn of the tide. Bores are largest and
most powerful around the time of the
new moon or the full moon, when the
tides are highest.

Since the river flows upstream after
the bore passes, the wave front divides
the river into parts with opposite direc-
tions of flow. It should be noted that the
river does not flow uphill as the bore
passes. Since the water level behind the
bore is higher than the level in front of it,
the water flows upstream but downhill.

As the bore moves upriver it may
have a breaking crest like the crest of a
wave on a shelving beach or it may be a
smooth, gently rounded wave. A break-
ing bore is a foaming wall of turbulent
water that advances noisily upstream.
Bores that do not break are called undu-
lar bores. Several smaller waves usually
follow an undular bore. Along the River
Trent in Britain the smaller waves are
known as whelps; along the Seine they
are known as etueles, or stubble. I have
seen as many as 55 of the smaller waves
following a bore on one of the tributar-
ies of the Amazon.

Whether a particular bore is breaking
or undular depends on the height of the
tide, the depth of the river, the shape of
the bottom and the speed and the direc-
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tion of the wind. Many bores are undu-
lar in mid-channel and breaking on the
bank. In some rivers the bore can be
undular on one tide and breaking on
the next. A bore can even change from
one form to the other as the depth of
the river changes.

Bores are distributed widely over the
globe. They are not concentrated in any
one region, although they do tend to
form in places where the tides are great-
est, such as on the coasts of Britain and
France, in rivers flowing into the Indian
Ocean and at the mouth of the Amazon.
Whether a bore forms is determined by
the local conditions at the mouth of a
river. Since little attention has been paid
to bores inrecent decades, precisely how
many rivers have bores is not known.
With Susan B. Bartsch-Winkler of the
U.S. Geological Survey I am compil-
ing a catalogue of the major bores of
the world.

North America has several notable
tidal bores. The most striking is the one
on the Petitcodiac River in Nova Scotia,
which empties into the Bay of Fundy.
There are also dramatic bores on Turn-
again Arm and Knik Arm, which flow
into Cook Inlet near Anchorage, Alas-
ka. On Turnagain Arm and Knik Arm
bald eagles hunt fish by following the
bores moving inland from the Pacific;
the fish are brought to the surface by the
turbulence of the bore.

Perhaps the most celebrated of all
bores is the one on the lower Seine
known as the Mascaret. The Mascaret
has been greatly reduced by the silting
of the Seine near its mouth, but the bore
was once notorious for its destructive-
ness. In 1843 Victor Hugo’s daughter
Léopoldine and her husband Charles
Vacquerie were boating near Rouen
when the Mascaret rolled upriver. The
bore knocked Léopoldine out of the
boat. Charles jumped in to save her,
but neither of them could swim
and both drowned. Hugo memorialized
them in the poem “A Villequier” but
did not mention the bore.

Certain tidal bores are associated with
myths or ceremonies. The passage at



BORE MOVES UP THE SEINE through the town of Caudebec in a at Le Havre have greatly reduced the size of the bore. Known as the
photograph made in 1963. Since that time harbor-control measures Mascaret, the Seine bore was once feared for its destructive force.

BORE MOVES UP THE ARAGUARI, a river in the Amazon basin, ed; smooth bores are called undular. Many bores are undular in mid-
in this aerial photograph made by the author. Known as the pororoca, channel and breaking near the bank where the shallow water slows
the bore of the Amazon and its tributaries reaches a height of 25 feet. the wave. The pororoca shows such a configuration here. Immediate-
Here it is about five feet high and moving at about 10 miles per hour. ly in front of an undular bore the water is smooth, but a series of small-
Bores can be breaking, like the surf on a beach, or smooth and round- er crests often follow the main wave up the river, as they do here.
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BORE ON TURNAGAIN ARM, near Anchorage, Alaska, is one of the few in North Ameri-
ca. It is usually from two to five feet high and, as shown, its leading edge is not straight or uni-
form. The depth of Turnagain Arm varies greatly. The parts of the bore in deep water move
faster than those in shallow water. The faster parts are undular and the slower parts breaking.

BORE ON THE SEVERN is the largest in Britain. It is a powerful breaking bore with a crest
large enough for surfers to ride upstream for miles. The bore forms near the Severn bridge
above Sharpness and extends to Gloucester. Two conditions must be met for a bore to form.
First, there must be a broad estuary that narrows toward the river mouth and has a shallow,
gently sloping bottom. Such a configuration funnels the incoming tide, increasing its height.
The Severn estuary from Cardiff to Bristol has the required narrowing shape. Second, the
tides in the adjoining tidal basin must be very high. A difference of more than 30 feet between
high water and low water at Sharpness is generally necessary for the Severn bore to form.
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the beginning of this article describes
my experience at the annual celebration
held in the spring on the Severn near
Gloucester. The transparent baby eels,
known locally as elvers, that live on
the bottom of the Severn are the tradi-
tional Good Friday meal. When the
bore comes upriver, it disturbs the eels.
When the Severn is flowing downstream
again, the inhabitants of Gloucester
gather the eels with nets. Those that are
not eaten or taken to the local market
are sold to merchants who fly them to
eel farms, many in the Orient. By day
the Severn bore is caught by surfers,
who ride it upstream for miles.

The broad Amazon basin has a bore
known as the pororoca that sweeps up
the river and its tributaries. The pororo-
ca can be 25 feet high and many miles
across. Its size and force render the Am-
azon completely unnavigable during the
bore’s passage. Because of the Ama-
zon’s gradual slope, tidal effects can be
detected 500 miles upstream from the
mouth of the river.

The mightiest tidal bore of all is the
one on the Tsientang River in China.
The Tsientang bore reaches a speed of
about 15 knots and was once exploited
by local fishermen as a means of pro-
pulsion. The bore is largest near Hang-
chow, which was at one time an imperial
capital. According to a Chinese myth,
the Tsientang bore was unleashed on
Hangchow to punish an emperor who
had arranged the assassination of a pop-
ular general who was a potential rival.
When ceremonial paper burnings and
offerings of food failed to conciliate the
angry spirits, the emperor had a large
pagoda put up as a grander propitiatory
gesture. The Bhota pagoda still stands
near Hangchow, and although the bore
did not disappear after the building of
the pagoda, it is said to have become
somewhat less violent.

he elusiveness of bores is suggest-

ed by the fact that Marco Polo,
who spent 18 months in Hangchow in
the 13th century and wrote a detailed
account of his stay, does not mention
the bore. The Tsientang bore is so im-
pressive that it is difficult to believe the
Italian adventurer could have seen it
and not remarked on it. It is more likely
that the bore was much smaller in the
13th century than it is today. Changes
in local terrain caused by earthquakes
and slower changes in the river bed
make some bores intermittent. Contem-
poraneous accounts of the Taiping re-
bellion in the 19th century indicate that
the Tsientang bore was much smaller a
century ago than it is now.

Although the large majority of bores
form near the mouth of a river, bores
can form under other circumstances. In
coastal regions where broad sandy flats
lie between the high-tide level and the
low-tide level the rising tide can spill



onto the flats and rush toward the land
as a single well-defined wave. The re-
gion of Mont-St.-Michel in France is
celebrated for a tide that rushes across
the flats faster than a horse can gallop. A
tsunami, an ordinary water wave with a
long wavelength generated by a seismic
movement of the ocean floor, can cause
a bore to move up a river that does not
ordinarily have one.

Certain other conditions can also
cause bores. In February, 1976, a rare
combination of a high tide, heavy rain,
115-mile-per-hour winds and low atmo-
spheric pressure sent a tidal surge up the
Penobscot River in Maine. At Bangor
the river rose 20 feet in 15 minutes and
caused the only flood in the history of
Bangor that came from downstream. As
anexample of a bore in a medium other
than water, a borelike wave forms in the
atmosphere of Mars near Tharsis Ridge
during the morning hours in the late
spring and early summer. These solitary
waves appear as local changes in the re-
fractive properties of the Martian atmo-
sphere over a relatively short distance.

o move beyond the drama visible
from the river bank (or on Mars) to
an understanding of the physics of bores
calls for an appreciation of the tides, of
wave motion and of the topography of
the mouth of rivers. The tides are them-
selves due to gravity and inertia. The
gravitational force is mainly that of the
moon. Since the force of gravity is in-
versely proportional to the square of the
distance between the two objects that
are attracted, the moon exerts a stronger
pull on the near side of the earth than it
does on the far side. The difference be-
tween the attraction on the two sides is
about 13 percent. The difference tends
to elongate the earth along the axis be-
tween its center and that of the moon.
The inertia of the earth as it orbits the
center of the system made up of the
earth and the moon tends to stretch
the planet out of its spherical shape.
The oceans naturally respond more to
such forces than the continents. Hence
the oceans flow into two tidal bulges.
One bulge faces the moon and the other
faces away from the moon; between
them the water is shallower. Since the
moon takes about 28 days to orbit the
earth, the tidal bulges take the same pe-
riod to travel around the earth as they
follow the moon. The daily revolution
of the earth on its axis causes each point
on the surface of the earth to go into and
out of each tidal bulge about once per
day. To an observer on the earth the
tides appear to rise and fall twice a day.
An observer suspended above the earth,
however, would see that each point on
the earth actually spins into and out of
the tidal bulge.
The moon orbits the earth in the same
direction in which the earth revolves. By
the time a point on the earth has re-

volved halfway the tidal bulges have
moved forward with the moon and the
point must move forward to enter the
bulge again. Hence there is slightly more
than 12 hours between high tides: the
period is 12 hours 25 minutes.

If there were no continents to impede
the motion of the tides, every point
on all coasts would have two tides a
day. Many places do have such tides,
which are designated semidiurnal. Oth-
er places, however, have a different tid-
al pattern. The wave of the tide is reflect-
ed and broken up by the continents and
forms a complicated series of crests and
troughs thousands of miles apart. More-
over, in some regions the tides are cou-
pled with the motion of large nearby
bodies of water. As a result some places
have only one tide a day, which is called

a diurnal tide. A few places (including
Tahiti) have virtually no tide at all be-
cause they lie on a tidal node. Such a
node is a stationary point about which
the standing wave of the tide oscillates.

The sun also raises a tide. Since the
sun is so much farther from the earth
than the moon is, its tide is only about
half the magnitude of the lunar tide. The
overall tidal amplitude (the difference
between the high-water level and the
low-water level) depends on the relation
of the solar tide to the lunar tide and
therefore on the positions of the sun, the
moon and the earth. The tidal amplitude
is at its maximum twice a month at the
time of the new moon and the full moon,
when the three bodies are aligned in the
configuration known as syzygy; this is
the time of the “spring” tides. The am-

LOCATION OF BORE
(WHERE KNOWN)

COUNTRY | RIVER OR TIDAL BODY
CHANNEL
BANGLADESH | GANGES BAY OF BENGAL
BRAZIL AMAZON ATLANTIC OCEAN
CAPIM ATLANTIC OCEAN
CANAL DO NORTE = ATLANTIC OCEAN
GUAMA ATLANTIC OCEAN
TOCANTINS ATLANTIC OCEAN
ARAGUARI ATLANTIC OCEAN
CANADA PETITCODIAC BAY OF FUNDY
SALMON BAY OF FUNDY
CHINA TSIENTANG EAST CHINA SEA
ENGLAND SEVERN BRISTOL CHANNEL
PARRETT BRISTOL CHANNEL
WYE BRISTOL CHANNEL
MERSEY IRISH SEA
DEE IRISH SEA
TRENT NORTH SEA
FRANCE SEINE ENGLISH CHANNEL
ORNE ENGLISH CHANNEL
COUESNON GULF OF ST-MALO
VILAINE BAY OF BISCAY
LOIRE BAY OF BISCAY
GIRONDE BAY OF BISCAY
DORDOGNE BAY OF BISCAY
GARONNE BAY OF BISCAY
INDIA NARMADA ARABIAN SEA
HOOGHLY BAY OF BENGAL
MEXICO COLORADO GULF OF CALIFORNIA
PAKISTAN INDUS ARABIAN SEA
SCOTLAND SOLWAY FIRTH IRISH SEA
FORTH IRISH SEA
us. TURNAGAIN ARM COOK INLET
KNIK ARM COOK INLET

MONCTON
TRURO

FRAMILODE TO GLOUCESTER

GUNNESS TO GAINSBOROUGH

BORDEAUX TO CADILLAC

ANCHORAGE TO PORTAGE

CAPIM

CAPIM

HAINING TO HANGCHOW

BRIDGWATER

LIVERPOOL TO WARRINGTON

CAUDEBEC

ILES DE MARGAUX
LA CAUNE TO BRUNNE

HOOGHLY POINT TO CALCUTTA
COLORADO DELTA

CATALOGUE OF TIDAL BORES shows that bores are distributed widely throughout the
world. Little systematic attention has been given to tidal bores in the 20th century; therefore
the catalogue is incomplete. The author is currently compiling a list of major bores that is ex-
pected to include about twice as many as there are in the table. Bores are not concentrated in
any one region of the world because the existence of a bore depends on local conditions: the
tides and topography at the mouth of the river. Such conditions can be changed by harbor-
control measures, damming or natural changes in the river bed. For this reason the extent of
the bore given in the table is approximate. The bore on the Colorado River has been greatly re-
duced by silting near the mouth of the river. The largest of all bores is on the Tsientang in China.
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DEPTH OF THE PETITCODIAC shows the sudden increase associated with the arrival of
the bore. The curve indicates the depth of the river near Moncton. At the time of low water the
Petitcodiac is only a few feet deep. The arrival of the bore immediately increases the depth by
from two to three feet. After the bore passes, the river continues to rise for more than two
hours, ultimately reaching a depth of about 30 feet. The graph shows the tidal asymmetry that
is common on rivers with bores. More than nine hours elapse between high water and low wa-
ter because the tide goes out gradually with the current. It is only about two and a half hours
between low water and high water, however, because the tide comes in suddenly as a bore.
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PETITCODIAC BORE goes up the Petitcodiac River through the city of Moncton, New Bruns-
wick. Chignecto Bay is the narrowing body that serves to confine the incoming tide. The adjoin-
ing tidal basin is the Bay of Fundy which is known for its great tidal range: the difference be-
tween high water and low water can be more than 50 feet. The range is greatest during the
spring tides around the time of the new moon and the full moon. Most bores form on the spring
tides. The Salmon River has a smaller bore extending from Cobequid Bay to Truro, Nova Scotia.

150
© 1982 SCIENTIFIC AMERICAN, INC

plitude is at its minimum at the time of
the first quarter and the third quarter
of the moon, when the sun, the moon
and the earth form a right angle and
the solar and lunar tides oppose each
other; this is the time of the neap tides.
It therefore becomes evident why
bores generally form at about the time
of the new moon and the full moon: it is
then that the tidal amplitude is greatest.
The amplitude can be increased further
by resonance. Every container of liquid
has a natural frequency of oscillation. If
the liquid in the container is set in mo-
tion, it can move back and forth in a
single coherent wave with the natural
frequency. On the scale of a coffee cup
the oscillation is seen as a sloshing mo-
tion. There can also be waves with a
number of different frequencies in the
motion of the liquid. The lowest fre-
quency, the fundamental, is the most
important with respect to resonance.

he amount of time it takes a wave

with the fundamental frequency to
move from one side of the container to
the other and back is called the fun-
damental period. That period is deter-
mined by the depth of the water and the
size of the container. For a closed basin
the fundamental period is about twice
the longest dimension of the basin divid-
ed by the speed of the waves. In a lake,
which constitutes such a closed ba-
sin, large-scale natural oscillations are
called seiches. Seiches are common on
Lake Michigan. They are often caused
by a low-pressure atmospheric system
at one end of the lake; on occasion they
can be quite destructive.

In a basin open at one end to a larger
body of water the fundamental period is
about four times the longest dimension
divided by the speed of the wave. The
tidal basin near the mouth of a river
constitutes such a basin, with the ocean
providing the tidal impulse. The effect
of the natural oscillation is to make the
water at one end of the basin high at the
beginning and the end of the fundamen-
tal period and low in the middle of the
period as the water sloshes back and
forth in a crest-and-trough pattern. For
example, if the fundamental period is 12
hours, the water at one end will be high
at, say, noon, low at 6:00 p.M., high at
midnight and so on.

If the fundamental period is close to
the tidal interval of 12 hours 25 minutes,
the basin will resonate with the incom-
ing tide. The incoming tide sets the wa-
ter of the basin oscillating. The motion
of the tide coming in toward the mouth
of the river and the motion of the oscil-
lation are synchronized. Thus the os-
cillation reinforces the tide in the bay
and makes the high tide higher than it
would otherwise be and the low tide low-
er than it would otherwise be.

The resonance can also result in
an asymmetry between the tide at the



ocean end of the basin and the tide near
the mouth of the river. In some cases the
mouth of the basin is at a node of the
wave that represents the oscillatory mo-
tion; as we have seen, a node is a fixed
point about which the water oscillates.
The tide at the node is much smaller
than the one near the river mouth.

Although any body of water with high
tides can generate a bore, about half of
the known bores are associated with res-
onance in a tidal basin. An excellent ex-
ample of suchresonance is in the Bay of
Fundy, which is well known for its tidal
range of more than 50 feet. The funda-
mental period of the Bay of Fundy is 11
hours, which is close enough to the semi-
diurnal tidal interval for the tides to
force the bay to resonate and send a tid-
al bore up the Petitcodiac. Cook Inlet in
Alaskaresonates so strongly that the 14-
foot tide at its mouth is amplified into a
tide of more than 30 feet at Anchorage.

The seaward ends of many rivers have
a tide. At the mouth of the river the tides
are symmetrical: ebb and flood last
about six hours each. Upstream the
tides become increasingly asymmetric:
less time elapses between low water and
high water than elapses between high
water and low water because the tide
comes in quickly but goes out gradual-
ly with the current. The presence of a
bore tends to exaggerate the asymmetry
because the tide comes up the river very
rapidly as a solitary wave.

Therefore the tides and their reso-
nance with the oscillation in a tidal basin
provide the energy for the tidal bore.
The form of the bore, however, is influ-
enced mainly by the dynamics of waves.
There are two classes of waves in water:
capillary waves and gravity waves. Cap-
illary waves have a wavelength of a few
millimeters or less, and the force that
restores the surface of the water to its
undisturbed state as they pass is surface
tension. Such waves are of little interest
in connection with tidal bores.

With gravity waves the force that
restores the surface to its undis-
turbed state is gravity. Such waves can
be divided into two types on the basis of
the relation between the wavelength and
the depth of the water through which the
wave propagates. Gravity waves with a
wavelength much shorter than the depth
are known as deep-water waves. Such
waves move at a speed that is propor-
tional to the square root of the wave-
length. A deep-water wave with a long
wavelength moves faster than one with a
shorter wavelength.

This property of deep-water waves
causes them to disperse. Actual waves in
water are not simple sinusoidal waves
with a single wavelength; they are made
up of many sinusoidal components each
with a different wavelength. Since each
component travels at a different speed,
the shape of the deep-water wave is con-
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OSCILLATION OF THE WATER in the tidal basin near the mouth of ariver can contribute to
the formation of the bore by increasing the range of the tide. The diagrams show the tidal basin
in schematic form with the ocean at the left and the mouth of the river at the right. If the liquid
in a container is disturbed, it will move back and forth in a single coherent wave with a motion
similar to that of coffee sloshing in a cup. The time it takes the wave to go from one side of the
container to the other and back is the fundamental period. In a tidal basin the fundamental pe-
riod is roughly equal to four times the length (L) divided by the speed of the wave. The speed is
in turn proportional to the square root of the depth. A quarter of the wavelength fits into the ba-
sin at one time (/). In some instances there is a node, or a fixed point of the wave, at the ocean
end of the basin. The tides at the node are small; at the river mouth they are large. If the funda-
mental period is approximately equal to the 12-hour-25-minute period between high tides, the
oscillation will reinforce the high tide near the river mouth. The effect is resonance, and it is
shown in panels 2 through 5 of the illustration. The period between panels is one-fourth of the
fundamental period. The tide (blue arrow) comes into the basin from the ocean as a wave mov-
ing toward the mouth of the river (2). The incoming tide is synchronized with the oscillation
(white arrow) of the water in the basin (3). The wave propagates through the basin toward the
mouth of the river. If the tide rises fast enough, a bore is formed at the river mouth. The tide
turns and the sloshing motion reverses its direction. Water is carried toward the ocean end of
the basin (4). The bore is moving upstream and the tide is still rising upriver. The water level
near the river mouth falls as the slosh returns to the ocean end of the basin to join the incoming
tide. The cycle is repeated (5). About half of the known bores are associated with resonance.
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SPEED OF WAVES IN WATER depends on the relation between
the wavelength (the distance from trough to trough) and the depth of
the water. For deep-water waves (/eff), where the wavelength is much
smaller than the depth (/), the speed (V) is proportional to the square
root of the wavelength. (In the diagram the height of the wave is as-
sumed to be small compared with the water depth.) A wave with a
wavelength of 30 feet in water 100 feet deep moves at a speed of 8.5
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miles per hour. When the wavelength is much greater than the depth,
the speed is proportional to the square root of the depth. A wave with
a wavelength of 30 feet in water six feet deep moves with a speed of
7.8 miles per hour (top right). In water two feet deep a wave with the
same wavelength will move at 5.5 miles per hour (bottom right). Since

the speed of shallow-water waves depends only on the depth, waves
with different wavelengths have the same speed and do not disperse.

3a 4a

FORMATION OF A BORE, shown schematically, is similar to the
development of a breaking wave on a beach. The process by which
the bore forms is the conversion of the fast-moving deep-water waves
carrying the incoming tide into slower shallow-water waves with a
shorter wavelength. The conversion occurs in the estuary. In deep wa-
ter offshore the waves are symmetrical (Za). Both sides of the wave
have the same slope and the crests and troughs travel at the same
speed. Within each wave the path of a “particle,” or small volume, of
water is circular (/b). Hence although the wave transports energy, no
water is actually carried forward as the wave passes. As the waves en-
ter the estuary they begin to interact with the sloping bottom and
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to move as shallow-water waves. The interaction “compresses” the
waves and decreases the wavelength. Moreover, since the crests are
deeper than the troughs, they move faster and overtake them (2a).
The waves become asymmetric, with the advancing side steeper than
the following side. In addition the path of the water particles within
the wave is flattened into an ellipse (2b). When the height of the wave
becomes greater than about half the depth, the crest overtakes the
trough and breaks into it (3a). The path of the water particle has be-
come flatter (3b). When the wave breaks, it forms a bore: a turbu-
lent wall of water (4a). The particle’s path has become linear toward
the shore (45). Thus the bore carries water as well as energy upriver.
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stantly changing as the faster compo-
nents overtake the slower ones, unite
with them and then leave them behind.

Gravity waves with a wavelength
much longer than the depth of the wa-
ter are called shallow-water waves. The
speed of a shallow-water wave depends
only on the depth of the water; it is pro-
portional to the square root of the depth.
Therefore in water of a particular depth
all the waves move at the same speed.
Asaresult they do not disperse but trav-
el together with their waveforms rela-
tively undisturbed. It should be kept in
mind that deep-water and shallow-water
are terms based on the relation between
the wavelength and the depth and not on
the absolute depth of the water or the
wavelength. For example, a wave with
a wavelength of three feet would travel
across the oceans as a deep-water wave
but would move across a bathtub as a
shallow-water wave.

he difference between deep-water
and shallow-water waves provides
much of the basis for understanding
the formation of tidal bores. The in-
coming tide arrives in a tidal basin in the
form of rapidly moving waves with a
long wavelength. As the waves enter the
basin they are confined at the sides and
the bottom by the narrowing estuary.
As a result of this funneling action the
height of the waves increases. The tran-
sition of the tide into a bore, which fol-
lows the increase in height, is much
like the development of breakers from
waves moving onto a shelving beach.
The transition from deep-water waves
to shallow-water waves is associated
with refraction. As the tide comes in and
begins to interact with the bottom, re-
fraction slows the waves. Since the off-
shore waves are in deeper water, they
move faster than the waves closer to the
shore. As a result, farther inshore the
distance between successive crests is re-
duced. Furthermore, since the crest of
each wave is in deeper water than the
adjacent troughs are, it begins to over-
take the trough in front. The wave,
which was previously symmetrical, be-
comes asymmetric: the leading side
gets steeper and the trailing side gets
flatter. If the difference in the depth is
great enough, the crest will begin to
break into the trough and form a bore.
Another significant process develops
as the wave moves toward the shore. In
deep water the waves transport energy
but do not transport the water itself.
Each “particle,” or small volume of wa-
ter, at or near the surface describes a
circular course and returns to its origi-
nal position as the wave passes. When
tidal waves advance toward the shore,
however, refraction changes the circu-
lar path. The refraction is due to the
interaction of the wave with the bottom.
(It is refraction that slows down the
waves in shallow water in proportion to
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FROUDE NUMBER gives much information about the shape and force of a hydraulic jump
such as a tidal bore. Abbreviated F, the number is named for William Froude, a 19th-century
English civil engineer who worked on hydraulic jumps. F is equal to the ratio of the speed of
the bore to the speed of the shallow-water waves on the undisturbed river in front of the bore.
In each schematic diagram the observer is assumed to be moving at the same speed and in the
same direction as the bore. In this frame of reference the bore’s motion upstream disappears
and the overall flow is from left to right, with the velocity decreasing as the flow passes through
the bore. If Fis from 1.0 to 1.7, the bore is undular. Above 1.7 all bores break. From 1.7 to 2.5
a weak jump is formed. From 2.5 to 4.5 a violent oscillating jump is formed; such a jump can
send large waves downstream. From 4.5 to 9.0 a steady jump is formed; it is the best-defined
type of bore. If Fis greater than 9.0, large jets of water often extend ahead of the advancing bore.
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their wavelength and therefore causes
all shallow-water waves to move at the
same speed.)

The path of the water particles is flat-
tened into an ellipse by refraction. As
the wave moves up the estuary the el-
lipses of particles near the top of the
wave become longer and flatter than
those of particles farther down in the
wave. When this happens, the wave is
said to be unstable; the paths of parti-
cles within it tend to become linear in
the direction the wave is moving. At a
certain point water begins to be carried
toward the land as well as energy.

There are thus two velocities that are
significant in analyzing the bore: the
velocity of the wave and the velocity of
the waterparticle. Therelations between
these velocities are an important part
of the hydrodynamics of the bore. The
study of the hydrodynamics of solitary
waves has a long history. John Scott
Russell, a hydraulic engineer, made the
first report of a solitary wave on the
Glasgow and Ardrossan Canal in Scot-
land in 1840. His account stimulated the

: OCEAN

interest of many workers; among them
was the 19th-century British physicist
Lord Rayleigh (John William Strutt),
who made numerous contributions to
the theory of solitary waves. Solitary
waves were long thought to be merely
an elegant mathematical curiosity. They
now appear to have important applica-
tions in crystal-lattice theory, nonlinear
optics, particle physics and molecular
biology, among other disciplines.

R we have seen, the velocity of the
water particle and the velocity of
the wave can be related in several differ-
ent ways. When the flow speed of the
particle is less than the shallow-water
wave velocity of the wave, the flow is
said to be subcritical; when the speed of
the particle is greater, the flow is super-
critical. The transition between subcriti-
cal flow and supercritical flow is called
a hydraulic jump; a tidal bore is a hy-
draulic jump moving upriver. As the
tide enters the estuary the water parti-
cles begin to move forward. At the point
where the particles assume the shallow-

water wave velocity the bore forms.

Hydraulic jumps are common, al-
though they rarely assume a form as
dramatic as that of a tidal bore. For ex-
ample, when the column of water from a
faucet meets the surface of a large sink,
a shallow layer of water spreads out to a
certain radius, where it rises up in a cir-
cular wall of water. Outside the wall the
water is deeper than it is inside.

The circular wall of water is a hydrau-
lic jump. It results from the fact that
when the column of water meets the
surface of the sink, it spreads out with
decreasing speed. Since the depth of
the water flowing out from the base of
the column is small, the shallow-water
waves generated by random motions of
the water in the column move slowly;
indeed, the shallow-water wave veloc-
ity is much less than that of the flow.
The flow is therefore supercritical and
the waves are carried outward with the
flowing water. Farther away from the
column the water slows down and the
flow becomes subcritical. The transition
between the two regions is the hydraulic
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CROSS-SECTIONAL VIEWS of the topography of the tidal basin
and river mouth in two types of estuary show why bores form in some
rivers but not in others. For a bore to form there must be a substantial
tide and a gently sloping estuary. The diagrams show why that is so.
In both the upper panel and the lower panel H indicates the high-tide
level, L the low-tide level and T the current tide level. Because of the
slope of the river bed the low tide intersects the river at 4; the high
tide intersects the river at C. The current tide would intersect the river
at B if the tide level in the basin were extrapolated inshore. B’ is the
point to which the current tide actually extends. The speed of the in-
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tersection point B inshore depends on the slope of the estuary and the
speed with which the tide rises. The actual extent of the tide inshore
(B’) is limited by the velocity of the shallow-water waves that carry
the tide. In most rivers (fop) the tide rises slowly and the estuary is
steep; the intersection point moves slowly and the tide can keep up.
Therefore B and B’ are at the same point. If the tide rises rapidly,
however, and the estuary is gently sloping, as it is in some rivers (bot-
tom), the intersection point will move inshore faster than the shallow-
water waves of the tide can move. Therefore B’ falls behind B and
a difference in water level at the river mouth results. This is the bore.
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jump. The elevated region beyond the
jump is the accumulation of waves that
propagate inward with a velocity equal
to that of the flowing water and so are
not swept away.

As we have seen, the formation of the
hydraulic jump that constitutes a tidal
bore requires a high tide and an estuary
of the right shape. In addition the tide
and the estuary must have the proper
relation to each other. This relation can
be explained as follows. As the tide rises
it flows inshore to cover the previously
exposed ground. The level of the tide
can be extended horizontally inshore
to the point where it intersects the sur-
face of the river. The intersection point
moves inshore as the tide rises. In most
estuaries the intersection point moves
inshore relatively slowly and the waves
of the tide can propagate as fast as
the intersection point moves inshore. In
such estuaries no bore forms. In some
instances, however, the estuary has a
gradual slope and the intersection point
moves inshore faster than the tidal
waves can propagate. When the veloc-
ity of the shallow-water waves of the
tide falls below that of the intersection
point, the tide wells up higher than the
river level and forms a bore.

R the tidal bore moves upstream it
must move faster than the current
of the river; otherwise it would be swept
downstream. To an observer on the
bank the bore is seen to move with a
speed equal to the difference between
the propagation speed of the hydraulic
jump and the speed of the river.

The shape and the dynamics of the
tidal bore, however, are not affected by
the speed of the river. Indeed, the bore is
most conveniently studied in a coordi-
nate system that moves at the same
speed as the bore, so that the bore ap-
pears to be stationary. In such a coordi-
nate system the bore can be described
by means of the Froude number (F),
named in honor of the 19th-century En-
glish civil engineer William Froude. The
Froude number is the square root of the
ratio of the kinetic energy of the moving
water to the gravitational energy in the
waves. If Fis smaller than 1, the flow is
subcritical; if it is greater than 1, the flow
is supercritical.

It turns out that the Froude number is
equal to the ratio of the speed of the
waves behind the bore to the speed of
the waves on the undisturbed river in
front of the bore. This fact yields a sim-
ple method of calculating F when the
height of the bore is much less than
the depth of the river. Since the speed
of the waves on each side of the bore is
proportional to the square root of the
depth of the water, F is equal to the
square root of the ratio of the depth be-
hind the bore to the depth in front of it.

The Froude number is a compact de-
scription of the appearance and shape of
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a tidal bore. When F'is between 1.0 and
1.7, an undular bore results; the advanc-
ing tide moves gently upriver. Only in
the shallows near the river bank, where
Fis higher, does the bore break. When F
is greater than 1.7, all bores are breaking
bores. Between 1.7 and 2.5 the bore is
called a weak jump; small rollers slide
down the leading edge and the water be-
hind the bore is smooth. Between 2.5
and 4.5 the jump is called oscillating; a
vertical jet oscillates between the river
bottom and the surface and generates
surface waves with a large amplitude.
Between 4.5 and 9.0 the jump is called
steady; the leading edge is turbulent but
the surface of the trailing edge can be
smooth. Above 9.0 the jump is called
strong; its energy is dissipated rapid-
ly and the bore moves upstream in a
thrashing, jerky way, with high-speed
jets extending ahead of the main jump.

A common property of tidal bores is
that their front is neither straight nor
uniform. Some parts of the wave front
lag behind the main wave and some
propagate ahead. The cause of the vari-
ation is the change in the depth of the
river from bank to bank. The parts of
the wave in deeper water propagate fast-
er and have a smaller Froude number.
As a result bores are often led by a low
undular wave; where there is a local
shallow spot near the shore the bore
will be higher and can be breaking.

If bores are dispersionless waves, how
can they end? Two mechanisms drain
the energy of the bore as it moves up-
stream. One is friction between the wa-
ter and the bottom; such friction con-
verts the kinetic energy of the moving
water into heat. The other is viscosity,
which is much like friction between ad-
jacent molecules. Viscosity in the break-
ing wave transforms the propagation
energy into turbulence and ultimately
into heat. In addition, in rivers that be-
come deeper or wider inland the bore
can disappear because the funneling ac-
tion that raised it in the estuary is re-
versed. When enough energy is dissipat-
ed, the speed of the bore becomes less
than that of the river and the bore is car-
ried downstream.

Bores, like many other phenomena
on the earth, are vulnerable to the activ-
ities of man. A powerful bore known as
the burro, which was as much as 15 feet
high, once regularly went up the Colo-
rado River. Over the past 15 years, how-
ever, agricultural water control and silt-
ing have transformed the mouth of the
river. As a result the bore has been
greatly reduced and is usually little
more than a ripple lost in the river’s oth-
er waves. The burro is still occasionally
reported; other bores have been lost al-
together. Still, the wonderful sight of a
tidal bore surging upstream can be seen
in many places by those willing to fol-
low the new or full moon to where the
river meets the sea.
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How Honeybees Find a Home

In most of the Temperate Zone a new colony of honeybees must

locate a snug shelter in order to survive the winter. The search

is carried out by the older “‘scout’ bees with remarkable rigor

and two of the four living species

(Apis florea and A. dorsata) still live
only there. 4. cerana and A. mellifera,
however, have gradually extended their
ranges far north and south of the Equa-
tor and therefore have confronted the
problem of surviving through the win-
ter, when there is no nectar or pollen to
be gathered and when for days or weeks
on end the temperature is below the lev-
el at which honeybees are able to fly (10
degrees Celsius, or about 50 degrees
Fahrenheit). The remarkable method
honeybee colonies have evolved for get-
ting through the winter depends critical-
ly on the type of enclosure a colony oc-
cupies; in a suitable enclosure the colo-
ny may be able to carry on for several
years, whereas in a poor one the bees
may perish in the first winter. The ade-
quacy of the enclosure in turn depends
critically on the activity of the small
group of older workers that chose it: the
scout bees.

In the Tropics A4. florea and A. dorsata
nest in the open, hanging their nest from
the underside of a tree branch, whereas
A. cerana and A. mellifera nest in a cavi-
ty. It is this habit that has enabled the
latter two species to extend their range.
In the temperate zones the bees in a
colony of A. cerana or A. mellifera spend
the nonwinter months storing up 10
kilograms or more of honey that will
serve as food during the winter and thus
indirectly as a heating fuel. When winter
comes, the colony contracts into a tight
cluster. The bees in it generate heat by
small vibrations of their powerful flight
muscles, maintaining the surface tem-
perature of the cluster at about 10 de-
grees C. In a snug shelter that has an
adequate store of honey the bees usually
get through the winter quite well.

Clearly, then, an important first step
by a new colony is the selection of a snug
shelter. In the wild the shelter is usually
acavity in a tree. Over the past five years
I have been studying the house-hunting
behavior of A. mellifera honeybees liv-
ing in central New York State. These
studies have revealed that the process of

The honeybees arose in the Tropics,
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nest-site selection is remarkably thor-
ough and have yielded findings that are
of practical value to beekeepers.

House hunting is a part of swarming,
which is the honeybees’ method
of establishing a new colony. Colonies
swarm in the late spring; for bees in New
York State the time is from late May to
the end of June. Swarming follows a pe-
riod of intense rearing of brood, which
considerably enlarges the population of
the colony and creates congestion in
the nest cavity. Studies by James Simp-
son of the Rothamsted Experimental
Station in England indicate that over-
crowding stimulates the colony’s work-
ers to begin rearing a batch of daugh-
ter queens. The strongest queen (de-
termined by stinging duels among the
young queens) inherits the established
nest. Once the rearing of new queens is
well under way, and even before the first
daughter queen emerges, the mother
queen moves out with about half of the
colony’s 30,000 or so workers to start a
new colony in another location.

The old queen and her retinue of
workers depart in a mad whirl, pouring
out of the nest and beginning a short
flight. The swarm travels only a few tens
of meters and then settles in a beardlike
cluster on some object, usually a branch
of a tree or bush. Soon after the swarm
has settled the scout bees fly off in all
directions to begin their reconnaissance.

Their search extends out to 10 kilo-
meters or more from the old nest. The
scouts are the oldest bees in the swarm,
the ones that have already foraged for
the colony and so are familiar with the
territory around the old nest. They num-
ber a few hundred, or about 5 percent of
the swarm’s population.

Once the scouts have selected the fu-
ture home site they make zigzag runs
(punctuated by bursts of wing buzzing)
through the swarm, thereby signaling
the other bees to break up the clus-
ter. Bernd Heinrich of the University of
Vermont has shown that before lift-off a
swarm warms itself throughout to about
36 degrees C., the temperature at which
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flight muscle functions best. In the final
minutes before lift-off a swarm teems
with scouts scrambling over the clus-
ter, vibrating their wings and boring
through the interlocked nets of hanging
bees. A loud humming noise emanates
from the cluster, a mixture of deep wing
buzzes and shrill piping sounds. The
sound reaches a climax as the once solid
surface of the swarm appears to melt
because the chains of hanging bees be-
gin to disintegrate. Within another min-
ute the entire swarm 1is airborne, fill-
ing the air with the penetrating buzz
of thousands of bees circling tightly
overhead.

The airborne swarm forms a cloud
about 10 meters in diameter. To pilot
their sisters to the new home site the
scouts streak through the swarm in the
direction of the site. The swarm moves
slowly at first, traversing the first 30
meters at a speed of less than one kilo-
meter per hour, but within 200 meters it
accelerates to 10 kilometers per hour
or more, flying a few meters above the
vegetation.

When the swarm reaches the nest site,
the scouts somehow signal it to stop.
Then they drop down from the cloud
formed by the swarm, alight at the en-
trance to the nest (a knothole, a gap
among the roots of a tree or a narrow
crack in a limb) and release assembly
pheromone from the Nassanoff gland in
the tip of the abdomen. The pheromone,
a chemical signal that the bees sense as
an odor, pinpoints the entrance to the
nest. Soon the other bees are streaming
into the nest cavity in a formation that
resembles a whirlpool. Within 30 min-
utes of lift-off nearly all the bees are
safely inside their new home. Within a
few hours they are cleaning out debris,
constructing combs and flying off to for-
age for nectar and pollen. A new colony
has been established.

Martin Lindauer of the University
of Wiirzburg studied honeybee
swarms in Munich just after World War
II while he was working at the Mu-
nich Zoological Institute. He analyzed



the process whereby scout bees decide
which of the various sites discovered
will be the swarm’s future home. His
first observation was that soon after a
swarm assembles in a cluster near the
old nest bees appear on the surface of
the cluster doing ‘“dances” of the type
that Karl von Frisch, who was then also
at the Munich Zoological Institute, had
found to be the means by which forag-
ers direct their nestmates to new sour-
ces of food.

Lindauer also observed that the danc-
ers on a swarm never brought back nec-
tar or pollen; therefore they were appar-

ently not foragers. To make sure he
marked the dancers with spots of paint
and read from their dances the locations
of the targets indicated. Further investi-
gation called for a compass to measure
the orientation of the dance with respect
to the position of the sun and a stop-
watch to time the cycles of the dance.
The orientation indicates the direction
to the site and the tempo of the dance
indicates the distance: the faster the
dance, the closer the target. Lindauer
marked the indicated spots on a topo-
graphical map and set out to find pre-
cisely where the bees were going. In

a few instances he found the bees he
had marked. They were not foraging
but were busily inspecting holes in the
ground, hollows in trees or cracks in
old walls. These bees were house hunt-
ers. Their dance announced prospective
dwelling places, not patches of flowers.

By following the dances of the scouts
continuously from the time a swarm set-
tles until it lifts off Lindauer was able to
determine how the scouts reach accord
on a site. At first they search indepen-
dently, and each one that finds a pro-
spective site announces it independently
by dancing on the swarm. Some sites are

EXPERIMENTAL NEST BOX devised by the author enabled him
to observe a scout bee as she explored a potential nest site. The box
was mounted outside a red window on the side of a hut. Because bees

© 1982 SCIENTIFIC AMERICAN, INC

do not see red light the experimenter could look through the window
without disturbing the scout and could record her movements by
means of numbered squares. Squares 85 through 100 are on window.
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represented by a lively dance that is re-
peated for a long time, others by a dance
a human observer can only characterize
as unenthusiastic. The liveliness of a
scout’s dance reflects the quality of the
site she has found. A dance for an inferi-
or dwelling place is sluggish.

When a scout engaged in a sluggish
dance encounters one that is dancing
vigorously, she senses the lively dance
and flies off to inspect the site. If her
inspection reveals that it is indeed su-
perior, she begins advertising it in her

VISIT 1

VISIT 17

dance at the swarm. In this way the
scouts gradually reach a consensus
about the best dwelling place. Often it
takes them several days to come to an
accord. It is when they are all advertis-
ing the same goal in unison that they
give the signal that causes the swarm
to break up the cluster and fly to the
new nest.

Endauer’s work revealed what happens

at the clustered swarm while the
scouts are house hunting but gave few

VISIT 8

VISIT 25

clues about what happens at the pro-
spective sites. What do the scout bees
seek as an ideal site? How do they in-
spect a potential site and ascertain its
properties? After repeating Lindauer’s
observations on the way the scouts
reach and convey a consensus at the
swarm I decided to explore these ques-
tions as the research on which I would
base my doctoral thesis at Harvard
University.

A logical starting point for studying
what honeybees look for in a site for a

SCOUT’S METHOD of exploring a cavity is indicated by tracings
of what a single scout bee did on four out of 25 visits during her ini-
tial inspection of a potental nest site. Where the line is solid the bee
was walking; where it is broken she was flying. At first she stayed
near the entrance, but eventually she explored the entire cavity. After
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the initial inspection she returned sporadically, apparently to check
the site as external conditions changed. When she was away, she was
either advertising the site to other members of the colony by means
of a stereotyped “dance” on the surface of the swarm (the beardlike
cluster the bees had formed) or visiting sites found by other scouts.
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home is to study the nests of honeybee
colonies living in nature. Each colony
occupies a site its scouts have selected,
and so it seemed reasonable to expect
that patterns in the properties of such
sites would yield clues about what the
bees prefer. Working with Roger A.
Morse of Cornell University, I found 21
honeybee colonies living in hollow trees
in the forests around Ithaca, N.Y.

In order to fully describe the architec-
ture of these natural nests we cut down
each tree, transported the section with
the nest to the laboratory and split open
the log to expose the nest. We measured
all the properties we could think of as
likely to be significant to the bees: the
height and size of the entrance and the
shape and volume of the cavity (mea-
sured by removing the combs and filling
the cavity with sand). Numerous consis-
tencies emerged. A typical nest occupies
a vertically elongate tree hollow with a
volume of about 45 liters.

Once I knew what the natural homes
of honeybees are like I sought to test
whether the patterns we had found re-
flect the preferences of scout.-bees as
they pursue their search. The idea for
the experimental design of the test came
from what I had read about beekeeping
in East Africa. There the beekeepers ac-
quire bees by hanging hives (hollowed
logs with the ends stoppered except for
an entrance hole) in trees and waiting
for swarms to occupy them.

I tried the same thing around Ithaca
except that I put up nest boxes in sets of
two or three. In each set the boxes were
identical except for one property, such
as cavity volume or the height of the
entrance above the ground. I hoped that
scouts from wild swarms would discov-
er my nest boxes and reveal their nest-
site preferences by choosing among the
boxes in a set.

The plan worked quite well. Over four
summers approximately half of the
nest-box sets attracted a swarm each
summer. Moreover, the patterns of oc-
cupation were sufficiently consistent to
show the nest-site preferences of the
bees. Of course, in order to get statis-
tically meaningful data I needed sev-
eral occupations of the nest-box set for
each variable in nest-site properties. To
test for preferences in 11 variables I
built 276 nest boxes, using up enough
plywood (more than 70 sheets) for a
small house.

he bees indicated preferences in the

following nest-site variables: the vol-
ume of the cavity, the size of the en-
trance, the height of the entrance above
the ground, the height of the entrance
above the floor of the cavity, the direc-
tion the entrance faced and the presence
of combs in the cavity. Honeybees avoid
cavities with less than 10 liters of vol-
ume and more than 100. A small cavity
cannot hold the store of honey the colo-

HONEYBEE SWARM hangs from a branch of a tree. A swarm consists of the queen from an
established colony and about half of the colony’s 30,000 or so workers. Soon after leaving the
old nest the group settles in this manner and the scouts (a few hundred of the older workers) fly
off to begin looking for a new site. They may go as far as 10 kilometers from the old nest.

SWARM IN FLIGHT is on its way to a new nest, on which the scouts have reached a consen-
sus after a few hours or days. The swarm is moving from left to right. Most of the bees, which
appear as dots or short streaks, are flying slowly. The scouts fly through the swarm rapidly,
showing the direction of the new site. The scouts appear in the picture as relatively long streaks.
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ny needs in order to survive the winter,
and a large one may be difficult to heat
in the winter.

Bees prefer an entrance that is less
than 50 square centimeters in size, is at
least two meters above the ground, faces
south and opens into the bottom of the
nest cavity. A small entrance is easily
defended and helps to isolate the nest
from the outside environment. High en-
trances are inaccessible to predators
that cannot fly or climb trees and are
harder to find than entrances near the
ground. An entrance that faces south
provides a warm, sunny perch from

which foragers can take off and on
which they can land. (Beekeepers face
their manmade hives to the south to help
their bees fly out in cool weather; the
orientation is particularly important in
the winter months, when bees fly out
on sunny days to eliminate accumulated
body wastes.) An entrance at the bottom
of the nest cavity rather than at the top
may help to minimize the loss of heat
from the nest by convection currents.
The preference for a site already filled
with combs (built by a preceding colo-
ny that did not get through the winter)
doubtlessreflects the tremendous saving

NATURAL HONEYBEE NEST was a cavity in a tree. Here the section containing the nest
has been split open, revealing the combs containing brood and honey. The entrance hole is on
the left side, about two-thirds of the way up the cavity. The author and Roger A. Morse of
Cornell University examined a number of natural nests to determine what scout bees look for.

162

© 1982 SCIENTIFIC AMERICAN, INC

of energy that would otherwise have to
go into the building of combs.

The nest-site properties for which I
detected no preference were the shape
of the entrance, the cavity’s shape, its
draftiness, its dryness and the distance
of the site from the old nest. Honeybees
probably prefer draft-free and dry nests,
but because the colony can plug with
tree resins any cracks that let in drafts
and water the scouts apparently do not
give much weight to these properties. In
contrast, bees cannot modify the vol-
ume of a cavity or the height of the
entrance and the direction in which it
faces, and so they must make a choice in
these matters before they move in.

The ability of bees to remedy a drafty
or damp site was demonstrated by colo-
nies that accupied our experimental nest
boxes. I had made some of the boxes
drafty by drilling into the sides a grid of
six-millimeter holes spaced 10 centime-
ters apart; the bees plugged up all the
holes with tree resins within a few days
after moving in. They also quickly dried
out damp nest boxes by dumping out-
side the soggy sawdust I had put on the
floors and sealing the leaky wall and
ceiling joints with resin.

Although I did these studies only to
satisfy my curiosity about how honey-
bees choose a home when they are left
to their own devices, the research yield-
ed information of practical value to
beekeepers. Applying the knowledge
of what honeybees seek in a nest site,
Morse and I designed what we call a bait
hive, that is, a hive designed to catch
wild swarms of honeybees. Physically

“the hive is basically just a box nailed to a

tree, but its size, the characteristics of
the entrance and the height above the
ground meet the preferences of the bees
and so make it an ideal nest site. (We do
not fill bait hives with combs for fear of
transmitting certain honeybee diseases
to the incoming swarms.)

Between 1975 and 1980 we collect-
ed 251 bait-hive-years of data on our
design; in the process we captured 124
swarms for an occupation rate of 49
percent per year. In the past beekeepers
wanting to collect wild swarms had to
rely on being notified when aswarmhad
settled somewhere; then they had to hur-
ry to collect it in a hive before the bees
could finish choosing a nest site and
moving into it. With bait hives beekeep-
ers can collect swarms automatically.

Up to this point in my studies I had
treated the evaluation process of
the nest site like a black box. I knew
what scout bees seek in a prospective
nest but I had little information on how
they inspect one. To look into their in-
spection behavior I had to leave the
countryside around Ithaca and shift
my investigation to Appledore Island in
Maine. This 39-hectare island lies 10 kil-
ometers offshore and is the site of the
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SCOUT’S DANCE advertising a nest site she has found is made on
the surface of the swarm. Often the dancer moves in a pattern resem-
bling a figure eight (a), waggling her abdomen during the central part.
The direction of the waggling run conveys the direction of the site in
relation to the sun; here the run is upward and means the site is to-

ward the sun. The rhythm of the dance indicates the distance to the
site; the farther the site, the longer the waggling middle part of the
dance. Four other scouts are shown observing the dance. Sometimes
a scout will dance in one place and then will walk a short distance
along the surface of the swarm and perform the dance again (b).

Shoals Marine Laboratory of Cornell
and the University of New Hampshire.
Its particular importance for my work is
that it has no large, hollow trees. Hence
when I took honeybee swarms out to
the island, I forced them to concentrate
their house hunting on the experimental
nest sites I provided. In this way I could
easily observe and analyze the process
of nest-site evaluation.

My first goal on Appledore Island was
to record the behavior of scout bees in-
specting nest sites. I hoped the observa-
tions would suggest how scouts evaluate
the critical nest-site properties. It was
particularly important to be able to
watch scouts inside a prospective nest
in order to understand how they judge
such things as the volume of the cavity
and the height of the entrance.

To this end I built a hut with a cube-
shaped nest box mounted on one of its
walls. The box was positioned outside a
red window (bees cannot see red light)
so that I could look in without dis-
turbing the scouts. The inner surfaces
of the box bore a grid-coordinate sys-
tem that enabled me to record where
a scout went while she was in the cav-
ity. After setting up the hut on one

a JUNE 26

b JUNE 27

C JUNE 28

v

SUMMARY OF SCOUTING is given from the time a new colony
left the old nest (at 1:35 .M. on June 26) until it moved into the new
nest site (at 9:40 A.M. on June 30). The observations were made by
Martin Lindauer of the University of Wiirzburg. In each case the cir-
cle represents the location of the swarm, the arrows indicate the direc-
tion in which scouts found potential nest sites and the thickening of
the arrows shows that increasing numbers of scouts were visiting a

d JUNE 29 e

i JUNE 30 J

particular site. The longer an arrow is, the farther away the site was;
distances beyond 1,000 meters are represented by broken lines. The
most distant site (f) was 4,500 meters away. The scouts discovered 21
sites, but gradually they reached a consensus on the one that was 350
meters to the southeast, a site found by one of the first two scouts to ad-
vertise a find (a). On June 28 scouts were inactive because of rain. Mul-
tiple entries for June 29 and 30 are several periods of observation.
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Physician, did you miss any of these
significant developments in medical science?

° Camprylobacter fetus subsp. jejuni is
associated with a colitis that can clini-
cally and sigmoidoscopically resemble
acute idiopathic ulcerative colitis. Stool
cultures are in order for C. fetus before
beginning nonspecific anti-inflamma-
tory therapy.

* Coumarin derivatives cross the pla-
centa. A recent study shows that the
consequences for the fetus can be se-
vere. These include embryopathy, still-
birth, and premature delivery.

° Nonsteroidal anti-inflammatory
drugs may produce a marked reduction
in glomerular filtration rate; with ter-
mination of the drug, GFR returns to
normal.

* The first documented incident of in-
digenous transmission of dengue in the
continental United States since 1945
has been reported in Brownsville,
Texas.

F THESE ITEMS are familiar you must

be a prodigiously energetic or pro-

digiously lucky reader. With 2,000
or more journals published each year,
information that significantly affects pa-
tient management all too easily slips by.
Textbooks are out-of-date before they
are published.

Left Coronary Artery

Right Coronary Artery<i.
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Branches of the right and left coromary
arteries supply blood to the A-V node and
intraventricular conduction system.
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Computerized scintigraphy reveals pulmo-
nary thromboembolism.

Abdominal computed tomogram reveals
large renal carcinomareplacing part of right
kidney.
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versity School of Medicine

John Austin Collins, M.D., Stanford
University School of Medicine

Douglas Wilmore, M.D., Harvard Medi-
cal School and Brigham and Women’s
Hospital

5. Hematology

Stanley L. Schrier, M.D., Stanford Uni-
versity School of Medicine

6. Immunology

John David, M.D., Harvard Medical
School and Harvard School of Public
Health

7. Infectious Disease

Thomas C. Merigan, M.D., Stanford
University School of Medicine

Morton N. Swartz, M.D., EA.C.P.,, Har-
vard Medical School and Massachusetts
General Hospital

Cyrus C. Hopkins, M.D., Harvard Med-
ical School and Massachusetts General
Hospital

Adolf W. Karchmer, M.D., EA.C.P.,
Harvard Medical School and Massachu-
setts General Hospital

Robert H. Rubin, M.D., EA.C.P., Har-
vard Medical School and Massachusetts
General Hospital

Harvey B. Simon, M.D., FA.C.P.,, Har-
vard Medical School and Massachusetts
General Hospital

Peter E. Weller, M.D., Harvard Medical
School; Beth Israel Hospital, Boston;
and Brigham and Women’s Hospital

8. Intensive and Emergency Care
Edward Rubenstein, M.D., EA.C.P.,
Stanford University School of Medicine
9. Metabolism

George FE. Cahill, Jr., M.D., Harvard
Medical School, Howard Hughes Medi-
cal Institute; and Brigham and Women’s
Hospital

Roy H. Maffly, M.D., Stanford Univer-

15. Rheumatology

Stephen M. Krane, M.D., Harvard Med-
ical School and Massachusetts General
Hospital

Dwight R. Robinson, M.D., Harvard
Medical School and Massachusetts Gen-
eral Hospital

Andrei Calin, M.D., M.A., M.R.C.P,
Stanford University School of Medicine
and Palo Alto Veterans Administration
Medical Center

I__——____— '\..\

SCIENTIFIC M

AMERICAN

EDICINE

415 Madison Avenue, New York, N.Y. 10017

Order by Phone

You can order SCIENTIFIC AMERICAN Med:-
cine by telephone. Please call this toll-
free number: 1-800-345-8112 (in
Pennsylvania, call 1-800-662-2444);
you will be billed after your subscription
begins. Toll-free calls are acceptable only
for orders placed in the continental
United States.

sity School of Medicine and Palo Alto
Veterans Administration Medical
Center

William Bennett, M.D., Health Sciences
University, Portland, Oregon

Please enroll me as a subscriber to SCIENTIFIC AMERICAN Medicine. On receipt of this coupon
you will send me the advanced two-volume text described in your announcement and
update it regularly by sending me new monthly subsections. I understand that the price of
$220 for first year of service is tax deductible, as is current renewal at $170. If I am not
entirely satisfied, I may cancel at any time during the first 60 days, returning all materials for
a complete refund.

[ Please enter my subscription for SCIENTIFIC AMERICAN Medicine

[J I shall also enroll in the CME program

0 I enclose a check made out to SCIENTIFIC AMERICAN Medicine for $220*

[J Bill me 0O VISA [J MasterCard

Robert W. P. Cutler, M.D., Stanford Uni-
versity School of Medicine

Saul A. Rosenberg, M.D., FA.C.P., Stan-

| [ + X Expiration Date. Account Number.
ford University School of Medicine

*Please add sales tax for California, Illinois, Massachusetts, Michigan and New York

Name
Ned H. Cassem, M.D., Harvard Medical .
i 4 MD S 103
School and Massachusetts General peaatty
HOSpital Address.
Cily State 7ip
Eugene D. Robin, M.D., FA.C.P,, Stan- Signature

ford UniVCrSity School of Medicine Please allow six to eishl weeks for delivery. All payments must be in U.S. dollars. CME is available outside the U.S. and its

possessions for an additional $65. Surface rontes used unless airmail delivery is prepaid.

© 1982 SCIENTIFIC AMERICAN, INC T



side of the island I would position a
small swarm (about 2,000 bees) on the
opposite shore, putting a dot of paint
on each bee according to a color code
that made them individually identifi-
able. Then I would retire to the hut to
wait for the scout bees.

A scout bee needs about 40 minutes
for inspecting a nest site. The complete
inspection is a summation of numerous
excursions inside the cavity, each one
lasting for less than a minute and alter-
nating with equally brief periods out-
side. I call this initial phase, in which a
scout is primarily at the nest site, pop-
ping in and out of the cavity, the discov-
ery phase.

Following the discovery phase a scout
continues to visit a good site, but the

OUTER LID

visits become sporadic, each visit per-
haps an hour after the preceding one
and lasting for less than a minute. Evi-
dently a scout conducts a detailed in-
spection of a prospective site during the
discovery phase and thereafter spends
most of her time elsewhere, either back
at the swarm advertising the site or off
inspecting other sites. The sporadic re-
turns probably enable scouts to quickly
check a site under different conditions,
such as later in the day when the angle of
the sun has changed or after a rainstorm
that may have flooded the cavity.
When a scout is inside a cavity, she
devotes most of her time (about 75 per-
cent) to rapid walking about on the in-
ner surfaces. This quick pacing is inter-
spersed with brief flights, each usually

less than a second in duration, in which
she moves from one point to another. A
geometric pattern in these inspections
is that early in the discovery phase a
scout walks about primarily near the
entrance, whereas later she penetrates
to the deepest recesses of the cavity.
Three-dimensional reconstructions of
the walking paths of individual scouts
reveal that when the inspection is fin-
ished, a scout has walked 50 meters or
more around the inside of the cavity
and has covered all its inner surfaces.

he volume of a cavity is the nest-site
property that is perhaps most crit-
ical to a colony’s long-term survival.
Since the colony needs at least 10 kilo-
grams of honey to get through the win-

____,WINDOW LID

STATIONARY
TUBE

—— ROTATABLE
TUBE

J .. TURNTABLE

EXPERIMENTAL APPARATUS was devised by the author to test
how a scout bee measures the volume of a cavity. The colony re-
quires a site with a minimum volume of about 15 liters in order to
store up the 10 kilograms of honey needed to get through the winter;
anything larger than 100 liters is usually avoided, probably because
the colony would have difficulty keeping warm inside it in the winter.
With one apparatus (a) the experimenter could vary the volume be-
tween five liters (with the inner lid down) and 25 (inner lid up). By
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means of the light baffle he could change the amount of light coming
in through the entrance hole to see whether scout bees estimating the
size of the cavity relied mainly on walking or on vision. The chief sen-
sory input turned out to be walking. In the other apparatus (b), which
had a volume of 14 liters, the experimenter could rotate the wall in
order to increase or decrease the amount of walking a scout bee had
to do in order to measure the volume. The number of other scouts she
recruited to the box was the measure of how she perceived its size.
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PROPERTY

PREFERENCE

FUNCTION

HEIGHT OF ENTRANCE

MORE THAN THREE METERS

AREA OF ENTRANCE
CENTIMETERS

LESS THAN 60 SQUARE

DEFENSE OF COLONY

CONTROL OF MICROCLIMATE
IN NEST AND DEFENSE
OF COLONY

POSITION OF ENTRANCE

BOTTOM OF CAVITY

CONTROL OF MICROCLIMATE
IN NEST

DIRECTION OF ENTRANCE

FACING SOUTHWARD

CONTROL OF MICROCLIMATE
IN NEST

VOLUME OF CAVITY

BETWEEN 10 AND 100 LITERS

STORAGE SPACE FOR HONEY
AND CONTROL OF |
MICROCLIMATE IN NEST

COMBS

COMBS IN CAVITY

ECONOMY IN CONSTRUCTION
OF NEST ‘

J

NEST-SITE PROPERTIES that honeybees apparently prefer are listed on the basis of nest-
box selections made by bee swarms. A site with all the properties presumably would be ideal.

ter and that amount of honey requires
about 15 liters of storage space, the vol-
ume must be at least 15 liters if the colo-
ny is to survive the winter.

How do scout bees measure the vol-
ume of a cavity? Their active walking in
the course of an inspection may provide
the basis for an estimate, but another
hypothesis is that they simply go inside
and look around. By means of experi-
ments with nest boxes in which the tra-
versable surface area and the interior
illumination could be varied I found
that in order to measure a volume scout
bees need either inner surfaces that can
be traversed or interior illumination of
more than .5 lux (about the illumination
provided by a full moon).

What are the conditions inside a cavi-
ty in a tree? Certainly the inner surface
of bare wood is easily traversed by a
scout bee. To measure the level of illu-
mination in a similar cavity I built a
model based on the measurements I had
made of natural nests. It had a series of
openings into which I inserted a light
meter. [ found the illumination to be less
than .5 lux except near the entrance.
Evidently in nature scout bees rely pri-
marily on walking about in a prospec-
tive nest site to measure its volume.

To test this hypothesis more directly I
tried modifying a scout’s perception of
volume by manipulating the amount of
walking required to move from point to
pointinside a cavity. The device for this
experiment was a cylindrical nest box
mounted vertically on a turntable, en-
abling me to smoothly rotate the box
while a scout bee was inside. By means
of a window at the top I could look in-
side and see which way the bee was
walking; then I could turn the walls ac-
cording to whether I wanted to increase
or decrease the amount of walking re-
quired for her to complete a horizon-
tal circuit.

The volume of this experimental box
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was 14 liters, on the boundary between
an unacceptably small cavity and a suit-
ably large one. If walking contributes to
the perception of volume, the first scout
to discover the box should find it either
more or less attractive than its true vol-
ume would suggest according to wheth-
er she had been made to walk more or
less than she would in a normal 14-liter
cavity. The test was the number of other
scouts the first scout recruited to visit
the box; she should recruit more scouts
if she found the box suitably large than
she would if the box had seemed unac-
ceptably small. That is what I observed
in four trials of this delicate experiment.
It seems clear a scout’s estimate of the
volume of a cavity is proportional to the
amount of walking she must do to cir-
cumnavigate it.

he founding of a honeybee colony

is fraught with danger. To survive
the first winter the colony must sur-
mount the many hurdles of finding a
good site, building a nest of energy-
expensive beeswax combs, rearing off-
spring that can outlive the winter and
gathering the necessary provisions for
winter. Most colonies do not succeed.
Long-term observations of the forest-
dwelling colonies around Ithaca have
revealed that only 24 percent of the new-
ly founded colonies survive their first
winter, whereas the survival rate for es-
tablished colonies is 78 percent.

These observations have also re-
vealed that if a colony does survive the
critical first winter, it will endure on the
average for another five years. In short,
a colony has the potential to survive for
a long time but faces great risks in mov-
ing from an old nest to a new one. There-
fore a swarm cannot rely on trial-and-
error methods in finding a suitable site.
Each colony must make a single, care-
ful decision with which it can live for
many years.



THE CARE AND FEEDING
OF A LIGHTWEIGHT.

Believe it or not, one of the
most envied group of runners—
the lightweights—has a very un-
enviable problem.

ile the rest of us are out
there causing street lamps to sway,
these folks are hitting the ground
with considerably less force. The
typical 6 footer who is 20 pounds
underweight, is receiving a jolt
about 14 percent less than normal.

This is a problem? You bet.
Especially when you start cranking
out the weekly miles in shoes de-
signed for the average weight
runner.

What lightweights should fear
most is too much cushioning. An
overdose here and the shoe can
become dangerously inflexible.

If you're one of nature’s more
slimmed down versions, you won’t
be applying enough weight to
penetrate the forefootareaas much.
And what you lack in pounds,
you'll have to make up forin
effort. It takes more energy to flex

a thicker sole, so you'll run less
efficiently.

You may also be flirting with
shin splints and Achilles tendinitis,
the most common results of too
little flexibility.

Unfortunately, things really get
sticky if your shoe size is less than
a size 9. Because most midsoles
aren’t scaled the way the human
body is.

Until we started investigating,
the general assumption was that
the forces under the foot were di-
rectly proportional to shoe size.

n other words, if a size 7 shoe
is 9 percent smaller than a size 10,
then a typical runner in a size 7 will
experience 9 percent less vertical
force.
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Are you a lightweight? Draw a line between your
height and weight and see where it intersects the
somatocrit scale.

As it turns out, nature doesn’t
work that way. In actuality, that
size 7 runner will hit the ground
with 18 percent less force.

All of which means the smaller
sizes of most running shoes have
an over-generous amount of cush-
ion. For even the average weight
runner.

© 1982 SCIENTIFIC AMERICAN, INC

Air-Sole®

Terra TIC

The Air-Sole® (top) inthe Columbia, Aurora and
Tailwind has dif ferent air pressure in the various
sizes to give more appropriate cushioning. The
Terra TIC (below) has a Phylon™ midsole also
scaled for cushion as well as the same degree of heel
lift in all sizes.

It was a startling discovery.
And we did something about it.

First with our air shoes—the
Columbia, Aurora, and the Tail-
wind. Not only are these shoes
slip lasted for the flexibility light-
weight runners need, but we also
adjusted the air pressure in the
various sizes for more appropriate
cushioning.

Lightweights will also ap-
reciate the Terra T/C and the Lady
erra T/C. They are slip lasted in

the front to make them flexible and
board lasted in the rear to make
them stable. In addition, the mid-
sole has been molded to give the
proper cushion and heel lift for
each size.

So if you're on the thin side,
put your feet on a diet. When it
comes to cushioning, don’t ask for

second helpings. ”I

Or you'll wind
Beaverton, Oregon

up a glutton
for punishment.



Historical Eclipses

Reliable records of solar and lunar eclipses go back as far as

750 B.C. They bear on such questions as whether the sun is

shrinking or the earth 1s not spinning as fast as it once did

bservers on our planet—astrono-
O mers, historians and even po-

ets—have been recording eclip-
ses of the sun and the moon for more
than 2,500 years. Whatever their moti-
vation, their records, both ancient and
more recent, can help to answer ques-
tions that challenge investigators today.
One such question is: Why is the length
of the day (or the earth’s rate of rota-
tion) changing? Another is: Is the sun
shrinking? On the first question eclipse
observations long before the rise of tele-
scopic astronomy have provided infor-
mation of much value. On the second
only the records of total solar eclipses
since the 18th century are pertinent.

We owe the term “eclipse” to the an-
cient Greeks: ekleipsis means “failure,”
in the sense of something gone wrong.
The image is apt, and if the orbits of the
earth and the moon were in exactly
the same plane, these failures would be
far more frequent: two per month. At
each conjunction, or new moon, the sun
would be eclipsed; at each opposition, or
full moon, the moon would be eclipsed.
Actually, since the orbital planes are
tilted with respect to each other by some
five degrees, eclipses can come only
when the new or full moon happens to
be near one of the two “nodes” of its
orbit. These are the points, 180 degrees
apart, where the plane of the moon’s or-
bit intersects the plane of the earth’s.
This limitation means that any one year
may have as few as two eclipses (the
number in 1984) or as many as seven
(the number this year).

Weather permitting, a man in his life-
time might expect to see some 50 lunar
eclipses, more than half of them total,
and perhaps 30 partial solar eclipses. A
total eclipse of the sun, however, is a
rare event at any one location. For ex-
ample, the last total solar eclipse visible
in the vicinity of New York City was in
1925 and the next will not be until 2079.
What makes the spectacle so rare is that
the sizes of the sun and the moon in the
sky are almost identical, and as a result
the conical shadow cast by the moon

170

by F. Richard Stephenson

barely reaches the surface of the earth.
The path of totality may be some 15,000
kilometers long, sweeping across as
much as 140 degrees of longitude, but
the umbra, or region of dark shadow, is
seldom more than 250 kilometers wide.

Whether a given solar eclipse is total
or annular (with a bright ring of sun sur-
rounding the disk of the moon) depends
on the position of the moon in its ellipti-
cal orbit. When the moon is near peri-
gee, its point of closest approach to the
earth, it is able to cover the sun com-
pletely for as long as 7.5 minutes. When
the moon is near apogee, its point of
most distant recession, its shadow falls
considerably short of the earth and the
eclipse is annular. The duration of an
annular eclipse can be as long as 12.5
minutes. Astronomers call total, annu-
lar and near-total eclipses of the sun
large events, as opposed to the smaller
events of partial eclipses.

Is the sun really shrinking? Two large
bodies of data bearing on the subject
are the daily observations, weather per-
mitting, of the transit of the sun (in order
to measure its right ascension) at the
Royal Observatory in Britain since 1750
and at the U.S. Naval Observatory in
Washington since 1846. The observa-
tions include the time required for the
sun’s image to pass a wire fixed in the
eyepiece of a telescope; the interval, of
course, also measures the size of the im-
age. In 1979, after analyzing substan-
tial amounts of the data from both ob-
servatories, John A. Eddy of the High
Altitude Observatory of the National
Center for Atmospheric Research and
Aram A. Boornazian, a mathematician
at S. Ross and Company in Boston, an-
nounced their conclusion that the sun
is indeed shrinking, and at a consider-
able rate. They estimated the shrinkage
of the sun’s horizontal diameter to be
about two seconds of arc, or about .1
percent, per century.

The sun’s disk is brilliant, however,
and the transparency of the earth’s at-
mosphere is both imperfect and vari-
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able; these factors make accurate deter-
mination of the solar diameter by this
kind of observation difficult. It is there-
fore not surprising that individual tran-
sit observations are less than precise and
are also subject to considerable observer
bias. As a result at least part of the trend
detected by Eddy and Boornazian could
actually be an artifact of observational
error. An alternative and independent
source of data regarding solar shrinkage
is the duration of total solar eclipses. (A
second independent check is provided
by the time the planet Mercury takes to
cross the solar disk.) Such observations
allow a monitoring of changes in the
sun’s diameter at fairly regular inter-
vals back to about the start of the 18th
century, or roughly twice the span of
time covered by the British and Amer-
ican transit data analyzed by Eddy and
Boornazian.

Few total solar eclipses were visible
in Europe in the 17th century. I know
of only two observations: one made in
southern Italy in 1605 and one made in
northern Ireland in 1652. Indeed, the
first known telescopic observation of a
total solar eclipse was made in France in
1706. The first total solar eclipse to be
carefully timed by a substantial number
of observers in Europe was the eclipse
of 1715, which was on May 3 (according
to the Gregorian calendar). Most of
the credit for this effort goes to Ed-
mund Halley. Well before the event he
“caused a small map of England, de-
scribing the Track and Bounds [of the
eclipse], to be dispersed all over the
Kingdom, with a Request to the Curious
to observe what they could about it, but
more especially to note the time of total
Darkness, as requiring no other instru-
ment than a Pendulum Clock with which
most Persons are furnish’d, and as be-
ing determinable with the utmost Exact-
ness, by reason of the momentaneous
[sic] Occultation and Emersion of the
luminous Edge of the Sun, whose least
part makes Day.”

Halley’s motive in promoting the tim-
ing experiment was to improve the accu-
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racy of future eclipse predictions. He
harvested nine ostensibly accurate mea-
surements from various parts of Britain.
The duration of totality (about 3.3 min-
utes) was expressed to the nearest sec-
ond of time; all but one of the nine mea-
surements showed a small scatter, not

much greater than the rounding error.
Even the one discordant observation de-
viated by only seven seconds from the
200-second mean of the other eight,
hardly a bad result. Converting the aver-
age of the eight into a measurement of
the sun’s diameter as it is now standard-

TOTAL ECLIPSE OF THE SUN in 1980 was visible on February 16 along a track no more
than 150 kilometers wide that ran from west of the prime meridian to western China, a distance
of 13,500 kilometers. It was visible mainly at sea and totality lasted for only about four minutes.

TOTAL ECLIPSE OF THE MOON at the end of 1982 will also be visible mainly at sea, but if
weather permits, it may be seen from start (black ellipse) to finish (colored ellipse) in Iceland,

Greenland, all of Canad

except eastern Newfoundland, all 50 states of the U.S., all of Mexi-

co, all of Japan and Korea, much of the eastern and arctic U.S.S.R., most of the Philippines,
parts of Indonesia and Australia and all of New Zealand during the night of December 30-31.

172

© 1982 SCIENTIFIC AMERICAN, INC

ized, the sun in 1715 was smaller than
it is today by two-tenths of a second of
arc (with a probable error of four-tenths
of a second).

The next total solar eclipse after the
one of 1715 that was carefully timed
came more than 125 years later. From
1842 until early in this century, how-
ever, most total eclipses were accurately
timed, and astronomers often traveled
to remote places to observe them. After
1925 the focus of eclipse observation
shifted, to the neglect of totality timing,
to such topics as the identification of
lines in the solar spectrum and the study
of the structure of the solar corona.
Only lately has the topic of timing, with
the specific objective of measuring the
diameter of the sun, regained its place.
Much of the credit must go to Eddy and
Boornazian.

When the times of total solar eclipses
over the past three centuries or so are
analyzed in conjunction with the data on
the transits of Mercury, they suggest a
conclusion contrary to the one based on
solar right-ascension observations. In
brief, the data indicate only a negligible
change in the sun’s diameter. John H.
Parkinson of University College Lon-
don, Leslie V. Morrison of the Royal
Greenwich Observatory and I have cal-
culated that the percentage of decrease
is .008 + .007 per century. Surprisingly,
however, the data provide fairly strong
evidence that the diameter of the sun
oscillates. The period of the oscillation
is some 80 years and its amplitude is
about .025 percent. After investigating a
wide variety of data Ronald L. Gilliland
of the High Altitude Observatory sup-
ports this interpretation. In any event
measurement of the sun’s diameter on a
regular basis seems worth pursuing in
the future.

hen it comes to the variations in

the earth’s rate of rotation, only
eclipse data from ancient and medieval
times are of value. From about 1620
onward telescopic observations of the
occultation of stars by the moon have
replaced observations of solar and lunar
eclipses as a source of information on
the length of the day. The reason is that
the occultation of a star is almost instan-
taneous. Among eclipses only total solar
obscurations can be timed with compa-
rable precision, and they are much rarer
than occultations.

The study of star occultations has
revealed irregular fluctuations in day
iength over periods on the order of a
decade, hence the term “decade fluctua-
tions.” The fluctuations themselves are
quite small, no more than two or three
milliseconds above or below the aver-
age, but their cumulative effect is fairly
large. For example, if the length of the
day remained continuously about three
milliseconds above the average for a full



decade, the accumulated total of what
is called clock error (the difference be-
tween a clock keeping earth time and an
“ideal” clock) would be about 10 sec-
onds. Morrison and I have used the oc-
cultation data to map the decade fluctu-
ations in detail from the 17th century to
the present.

How can these fluctuations be ex-
plained? One hypothesis suggests that
fluid motions in the core of the earth,
which are responsible for the earth’s
magnetic field, are coupled, electromag-
netically or possibly topographically,
with the surrounding mantle and disturb
the rotation of the mantle. Such distur-
bances would then be communicated to
the earth’s surface. Another hypothesis
points out that small changes in the
global sea level, produced by the melt-
ing or freezing of polar ice, would alter
the planet’s moment of inertia and so
affect its rate of rotation.

For all their relative imprecision an-
cient and medieval eclipse data are
nonetheless valuable for a second kind
of study: the long-term changes in the
earth’s rate of rotation. These changes
are masked in recent centuries by the
short-term changes described above.
For example, it has long been realized
that the tides of the earth’s oceans, the
product of lunar (and to a lesser extent
solar) gravitational influences, have a
braking effect that is responsible for a
gradual increase in the length of the day.
The moon’s tidal influences can be read-
ily estimated today because of modern
studies of the moon’s motions, such as
lunar laser ranging. These studies show
that the orbit of the moon is slowly get-
ting larger, so that our satellite is reced-
ing from its planet at a rate of about four
centimeters per year.

The two phenomena are interrelated.
As the earth’s rotation slows, the planet
loses angular momentum. The angular
momentum of the earth-moon system,
however, is conserved, and so what the
earth loses the moon gains. An orbiting
satellite that gains angular momentum
actually loses speed and so recedes from
its planet; this is what the moon is doing.
Calculations indicate that the tidal gain
in the moon’s angular momentum adds
about .04 second to the length of the
month each century.

Like the decade fluctuation, such a
small change seems a trifling matter. Its
long-term effects are nonetheless impor-
tant. For example, let it be assumed that
tidal friction has been the same for
many millions of years. Then 100 mil-
lion years ago, in mid-Cretaceous times,
the mean distance between the earth and
the moon would have been 4,000 kil-
ometers less than it is at present, and
each month would have been shorter by
somewhat more than 11 hours.

How can the record of ancient and
medieval eclipses yield useful data on

a gradual slowing of the earth? Con-
sider clock error. Over a span of 100
years the clock keeping earth time
would lose some 45 seconds compared
with the ideal clock, because of the ef-
fect of tides on the earth’s rotation.
What is more, over still longer periods
the clock error increases as the square of
the elapsed time. For example, 1,000
years ago the expected accumulated
clock error due to tides would have been
an hour and a quarter, and 2,000 years
ago it would have been five hours. Since
at least some eclipse records are well
over 2,000 years old, if certain facts

about the observation can be estab-
lished, the record can provide significant
information on trends in the earth’s rate
of rotation.

Before presenting the conclusions
that can be drawn from such rec-
ords it will be helpful to indicate what
criteria the early observations must sat-
isfy and to give an abbreviated account
of the observations area by area. For an
early observation to be of value it must
fall into one of three categories. The
first category consists of the most valu-
able observations: timed solar and lunar

YEAR DAY LOCATION

B.C.709 JULY 17 CHINA

601 SEPT. 12 CHINA
549 JUNE 12|CHINA
198 AUG. 7|CHINA
181 MAR. 4 CHINA
136 | APR. 15 MESOPOTAMIA
AD. 2 NOV. 23 CHINA
65 DEC. 16 CHINA
516 | APR. 18 CHINA

522 |JUNE 10 CHINA

1292 | JAN. 21| CHINA
1406 | JUNE 16 GERMANY
1415 | JUNE 7/ EUROPE (2)

1485 | MAR. 16/ AUSTRIA

DESCRIPTION

TOTAL: NO OTHER DETAILS
TOTAL: NO OTHER DETAILS
TOTAL: NO OTHER DETAILS
ANNULAR: NO OTHER DETAILS
TOTAL: NO OTHER DETAILS
TOTAL: MANY STARS AND FOUR PLANETS SEEN
TOTAL: NO OTHER DETAILS
TOTAL: NO OTHER DETAILS
ANNULAR: NO OTHER DETAILS
TOTAL: NO OTHER DETAILS

840  MAY 5 ITALY TOTAL: “SUN HIDDEN FROM WORLD"

873 JULY 28 PERSIA ANNULAR: “MOON WITHIN BODY OF SUN"
912 |JUNE 17 SPAIN TOTAL: "DARKNESS JUST BEFORE SUNSET"
968 DEC. 22 TURKEY (2) TOTAL: CORONA OBSERVED

975 | AUG. 10 JAPAN TOTAL: “INK-COLORED SUN”

1124 | AUG. 11 RUSSIA TOTAL: “SUN PERISHED COMPLETELY”
1133 | AUG. 2 EUROPE (5) TOTAL: “SUN BLACK AS PITCH”

1176 | APR. 11 TURKEY TOTAL: “NIGHT FELL, STARS APPEARED”
1185, MAY 1 RUSSIA TOTAL: CHROMOSPHERE OBSERVED

1221 | MAY 23 MONGOLIA TOTAL: “STARS VISIBLE”

1239 | JUNE 3 EUROPE (8) TOTAL: “MANY STARS SEEN”

1241 | OCT. 6 EUROPE (2)EGYPT |TOTAL: “WONDERFUL BLACKNESS”

1267 | MAY 25 TURKEY TOTAL: “MANY STARS APPEARED”

1275 |JUNE 25 CHINA TOTAL: “STARS SEEN"

ANNULAR: “SUN A GOLDEN RING”
TOTAL: “GREAT DARKNESS”
TOTAL: “ENTIRE SUN ECLIPSED”
TOTAL: NO OTHER DETAILS

TWENTY-EIGHT SOLAR ECLIPSES, either total or annular, are noted in records from the
eighth century B.C. through the 15th century A.n. All but one of the 10 most ancient eclipses
listed in this table were observed by Chinese astronomers. The later predominance of European
eclipse observers is due to the rise of monastic communities. Multiple sightings are numbered.
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EARLIEST SOLAR ECLIPSE for which the date is certain is recorded on this Assyrian tablet,
a summary of past historical events. A large partial eclipse, it took place on June 15, 763 B.C.

LATE BABYLONIAN TABLET records new- and full-moon observations made between
323 and 319 B.C. Like the Assyrian tablet, it is among the ancient texts in the British Museum.
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eclipses. The second consists of solar
and lunar eclipses that are untimed but
are reported as having come near sun-
rise or sunset. The third consists of solar
eclipses that are untimed but are report-
ed as large events: near-total or total.

As for the areas in which the observa-
tions were made, they begin with Baby-
lonia. At least as early as 750 B.c. Bab-
ylonian astronomers began to take an
active interest in the accurate observa-
tion of many celestial phenomena, in-
cluding solar and lunar eclipses. We
cannot say how much earlier observa-
tions may have been made in Babylo-
nia or anywhere else simply because
there is little by way of historical rec-
ords from more ancient times. System-
atic Babylonian observations continued
from about 750 B.c. to at least 50 B.c.
and possibly well into the first century
A.D. This large corpus of astronomi-
cal data was well known to the ancient
Greeks. The Greek astronomer Ptole-
my of Alexandria, writing early in the
second century A.D., claimed access to
Babylonian eclipse observations going
back to 747 B.c. It is a cause for regret
that Ptolemy, in his Mathematikeé Syn-
taxis (better known today by its Arabic
name, Almagest), gives only brief ex-
tracts from the Babylonian record.

After about 300 B.c. Babylonia gradu-
ally decayed, and by A.D. 100 the city of
Babylon was deserted. More than 1,700
years were to pass before the Babylo-
nian astronomical tablets again came
to light, accidentally unearthed by scav-
engers digging up the ancient baked clay
bricks of the city to use in new construc-
tion. Most of the surviving astronomical
tablets, many in fragmentary condition,
are now in the British Museum. What
was salvaged represents only some 5
percent of the original archive, and
much of it is undatable. Only future ex-
cavation will determine whether more
of the tablets remain to be found.

he traditional Babylonian practice

was to measure the interval between
the start of an eclipse and either sunrise
or sunset with the aid of a water clock;
the durations of the various phases were
also usually measured. Time was ex-
pressed in units called us, the four-min-
ute interval required for the celestial
sphere to turn through one degree. It
was also the Babylonian practice to esti-
mate the degree of totality of an eclipse
as a fraction of the solar or lunar diame-
ter. Finally, if the sun or the moon rose
or set while the eclipse was in progress,
that fact was usually noted.

A typical eclipse entry, of 240 B.c.,
reads in translation as follows: “Month
Eight, day 14, at three u§ before sunrise
[a lunar eclipse] began on the east side.
[The moon] set eclipsed.” The account,
although brief, includes two vital pieces
of information. First, the statement that
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TWO HISTORICAL TEXTS that include references to eclipses of

the sun are the official history of the Eastern H.

the Chronicle of the Patriarch of Antioch, Michael the Syrian (right).

the eclipse began only about 12 minutes
before sunrise is highly accurate; it is in
accord with the calculated clock error
for 240 B.c. Furthermore, since the ob-
servation began so close to a well-de-
fined moment, namely sunrise, there is
little likelihood of timing error, always a
serious problem with a primitive horo-
logical apparatus such as a water clock.
Second, the statement that the moonset
eclipsed counterbalances the possibility
of a scribe’s error in the time notation;
some part of the eclipse must have been
visible while part of the lunar disk was
still above the horizon. Because local
times of sunrise (and moonrise) and sun-
set (and moonset) can be computed with
precision even for the distant histori-
cal past, being virtually independent of
clock error, this second part of the ob-
servation gives a viable alternative to
the first part if the first part proves
to be defective. And because the text
also gives the year of the observation ac-
cording to the Seleucid calendar the
Julian date can be readily deduced
as November 3, 240 B.c. Modern cal-
culation shows that an eclipse of the
moon was indeed visible in Babylonia
on that day. Such exactness in record-
ing dates is characteristic of all Baby-
lonian astronomical records.

The Babylonian records, impover-

an dynasty (left) and

ished as they now are, include some 40
useful observations of lunar and solar
eclipses, both timed and untimed. Only
a single total solar eclipse, however, was
recorded. It is fortunate indeed that the
British Museum collection contains two
separate tablets describing the event. Its
recorded date (the 29th day of the inter-
calary 12th month of the Seleucid year
175) corresponds to April 15, 136 B.C.
One of the two tablets states that the
eclipse was total and adds that it began
24 us after sunrise, reaching totality af-
ter a further 18 us.

The second tablet states that the du-
ration of the entire eclipse was 35 us,
which is in close accord with the time
to totality given by the first tablet. The
scribe goes on to give additional descrip-
tive details that make the text the most
remarkable account of a total solar
eclipse recorded before the 18th centu-
ry. I owe the following translation to
Abraham J. Sachs of Brown University:
“Twenty-four u§ after sunrise a solar
eclipse [obscured] on the southwest side
when it began.... Venus, Mercury and
the normal stars [meaning those that
were then above the horizon] were visi-
ble; Jupiter and Mars, which were in
their period of disappearance [meaning
the interval between setting with the sun
and rising with the sun], were visible in
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The Chinese text describes solar eclipses of A.p. 118 and 120, the lat-
ter regarded as presaging the empress dowager’s death in A.p. 122.
The Syriac text describes in vivid detail a total eclipse in A.D. 1176.

that eclipse.... [The shadow] moved
from southwest to northeast.” Here,
quite apart from the measured time
of duration, the described visibility of
planets and stars more than an hour
and a half after sunrise is compelling
evidence that the eclipse was indeed to-
tal, a very precise datum. The texts, in
combination with the other Babyloni-
an lunar and solar eclipse records, con-
stitute by far the best collection of data
bearing on changes in the rate of the
earth’s rotation from anywhere in the
ancient world.

f Ptolemy’s account of Babylonian

observations is correct, the Near East
has priority over the Far East in eclipse
observations. For all its ancient histori-
cal tradition China is without a single
reliable eclipse record before 720 B.c.
Thereafter, over a period of 240 years,
the astronomers of a single small state
(Lu, the birthplace of Confucius) re-
corded 37 solar eclipses, of which three
were said to have been total. This is a
corpus that contains most of the known
solar-eclipse observations from the en-
tire world up to 480 B.c. The Chinese
character used to identify totality, chi,
was originally a pictogram of a man
turning his head away from a plate of
food, signifying that he was satiated;
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Chinese astronomers continued to use it
for another 2,000 years to describe total
and annular eclipses.

The Lu records are particularly im-
pressive for the accuracy of their dates;
nearly all agree to the day with the dates
arrived at by modern calculations.
What is disappointing is that they omit
information about the time of day and
few of them give descriptive details; vir-
tually all Chinese astronomical observa-
tions are deficient in these respects. Thus
for the purpose of cross-checking long-
term trends in the length of the day only
the three total solar eclipses found in the
Lu records are useful.

The tyrannical “burning of the books”
by the founder of the short-lived Ch’in
dynasty in 213 B.c. may be responsible
for the scarcity of eclipse records from
parts of China other than Lu. Imme-
diately thereafter, however, with the
beginning of the Han dynasty in 206
B.C., the situation changed dramatical-
ly. From that date until the fall of the
Ch’ing (Manchu) dynasty in A.D. 1911
almost every kind of celestial phenome-
non visible to the unaided eye in China
was recorded.

The records make it clear that the
main purpose behind all these observa-
tions was political astrology on behalf
of the emperor and his family. For ex-
ample, here is a description of a near-
total eclipse on January 18, A.D. 120:
“There was an eclipse of the sun. It was
almost complete and on the earth it be-
came like evening. [The sun] was 11 de-
grees in [the lunar mansion] (Hsii-nu).

The woman ruler showed aversion to it.
Two years and three months later, Teng,
the Empress Dowager, died.”

The imperial astronomical treatises
give some 10 accounts of total and an-
nular solar eclipses, the last two hav-
ing occurred in A.D. 1275 (total) and
A.D. 1292 (annular). The 1292 ac-
count, which states that “the sun looked
like a golden ring,” is one of the few
clear descriptions of an annular eclipse
from any part of the world before
modern times.

To return to the West, at least to Alex-
andria, Ptolemy’s A/magest records
nine timed observations of lunar eclip-
ses that were made by Greek astrono-
mers in two brief periods: between 200
and 140 B.c. and between A.D. 125 and
136. With one exception the observers
were at Alexandria. Their records were
in general fairly crude, with the time of
day given only to the nearest third of an
hour or so, but taken as a set they consti-
tute a useful supplement to the timed
Babylonian and untimed Chinese obser-
vations. It is impossible to tell wheth-
er the nine observations were selected
from a larger body of data or if they
were all Ptolemy could find.

We have to come forward to medieval
times to encounter further astronom-
ically useful eclipse references, both
from Europe and from the Arab domin-
ions. In Europe an increasing number of
monastic centers kept chronicles of ma-
jor events, among them earthquakes,
bright comets and eclipses of the sun
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TOTAL SOLAR ECLIPSE was noted by the court astronomers at Ch’ang-an (modern Sian),
then the capital of China’s Western Han dynasty, on March 4, 181 B.c. This observation is
evidence that the earth’s speed of rotation is gradually diminishing. Unless allowance is made
for the resulting increase in the length of the day, a plot of this totality track would not pass over
Ch’ang-an, as the Chinese historical records prove it did. Both the conical shape of the moon’s
shadow in space and the shadow’s elliptical shape on the earth’s surface are exaggerated.
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and the moon. As a result more records
of total eclipses of the sun are found
in monastic chronicles than are found
in all other sources before 1700 com-
bined. As an example, the total solar
eclipse of A.p. 1239 was noted by eight
separate monastic communities ranging
from Spain to Yugoslavia.

As with the near-total solar eclipse of
A.D. 120 seen in China, the medieval rec-
ord of a near-total eclipse can be of val-
ue. Here is the account of one such ob-
servation, made on August 2, 1133, at
Prague: “An eclipse of the sun appeared
in a wonderful manner; this defection
gradually diminished so much that a
crown like a crescent moon proceed-
ed to the south part, which afterward
turned round to the east, henceforth to
the west. At length it was transformed to
its original state.” The account is some-
what garbled, but it seems clear that at
no time was the sun completely covered.

Few monastic chronicles later than
A.D. 1300 have been issued in compila-
tions; the reason is they are too numer-
ous for such publication to be practi-
cable. As a result these later potential
sources of European eclipse observa-
tions remain largely untapped.

In the Arab dominions scientific as-
tronomy as we know it did not begin
until about 150 years after the birth of
Islam. The first leader to actively en-
courage astronomy was the caliph al-
Mansur, who founded Baghdad in A.D.
762; indeed, the plans for the city were
drawn up with the help of a Persian as-
tronomer. Islamic interest in astronomy
became high in Baghdad and Cairo and
later at both extremes of the realm: Cor-
dova in Spain and Samarkand in central
Asia. Two different types of observa-
tions have come down to us from the
Islamic world. On the one hand are care-
fully timed observations of solar and
lunar eclipses made by skilled astrono-
mers in well-equipped observatories. On
the other are random sightings of near-
total or total solar eclipses, recorded by
various writers in much the nontechni-
cal style of the European chronicles.

Numerous observatory sightings
were made at Baghdad and Cairo
between A.D. 800 and 1000. They were
first studied by the American astrono-
mer Simon Newcomb a century ago,
and two of them will suffice to give
some sense of the Arab astronomers’
craft. In each case the altitude of the sun
or the moon or a suitable bright star was
measured to the nearest degree or half
degree at the beginning and end of the
eclipse. Thus for the partial solar eclipse
of June 8, 978, observed at Cairo, the
record reads: “Altitude of the sun when
the eclipse began to be sensible to the
view, 56 degrees approximately; alti-
tude at the end, 26 degrees approximate-
ly.” For a lunar eclipse of September 14,
927, observed at Baghdad, the record



A Special Profile by Andrew Hargrave
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S VEBA concentrating ¢
| on energy.

VEBA is West Germany’s
leading industrial corporation in

terms of sales. It plays a crucial role |

in the country’s energy market. It is
a major importer, processor, dis-
tributor and trader in oil and oil
products and an important gener-
ator and supplier of electricity. It
also includes major chemical as
well as trading and transportation
companies.

Rudolf v. Bennigsen-Foerder
has been chief executive of VEBA
for the past 11 years. In a recent
interview he reflected on events in
the last fiscal year and the corpor-
ation’s future strategy.

According to Herr v. Bennig-
sen, the Group did well last year
despite an environment of econ-
omic stagnation. External Group
sales rose to almost DM 50 billion.
The annual surplus amounted to
DM 539 million. This performance
permitted an unchanged dividend
of 15 percent and a strengthening of
reserves.

VEBA's relatively strong pos-
ition, compared to various other
German companies, is largely at-
tributable to its electricity sector
which has been allotted more than
50 percent of total investment
funds in recent years. “In the most
important sector of the Group, elec-
tricity, we are satisfied with busi-
ness performance,” says Herr v.
Bennigsen. “This field is also the
major contributor to the results of
VEBA AG, the holding company.”

T i T el el P\
The growing importance
of nuclear energy
Herr v. Bennigsen has strong

views on the desirability of increas-

ing rapidly the nuclear element in
the country’s electricity generating
capacity and has repeatedly sug-
gested that public debate should be
about the overall energy concept,
not only its nuclear segment.
VEBA’s utilities are grouped
in two subsidiaries, the larger
PREUSSENELEKTRA and VEBA

Rudolfv. Bennigsen-Foerder,
Chairman

KRAFTWERKE RUHR (VKR).
PREUSSENELEKTRA generated
43 percent of its electricity from a
nuclear source. In the next couple
of years there will be added three
nuclear stations of 1,300 megawatt
capacity each to the four already in
service, and Herr v. Bennigsen is in
no doubt about their contribution
to the network. He insists that the
quality and cost-effectiveness of
power generation is as important as
the availability of capacity itself: “If,
for example, we are to use expens-
iveGerman coal inelectricitygener-
ation, then we need nuclear power
to maintain electricity prices within
reasonable limits” And while
VEBA has proportionately more
than 17 percent of nuclear capacity

| compared with 11.5 percent in the

Federal Republic, it requires more
for supplying the bulk of baseload
with coal providing the middle load
and a small input of gas at peak
loads. Qil is being virtually elimin-
ated as a fuel source.

In the case of coal, Herrv. Ben-
nigsen envisages a step-by-step
approach to improve the supplies
for VEBA’s power stations as well
as for international trading oper-
ations. In June, a contract was con-
cluded with the US coal company
Westmoreland with 15 percent of its
share capital going to VEBA. This
stake can be increased to 20 per-
cent.

More flexibility in the
oil sector

Herr v. Bennigsen is less
pleased with the situation in the oil
sector. Results for 1981 and the first
months of 1982 were unsatisfacto-
ry. Since May, however, an im-
provement has been discernible.
Nevertheless, the role hitherto
assumed by oil companies in secur-
ing the Federal Republic’s long-
term oil supply will have to be
reviewed. At VEBA OEL this has
led to a policy of increased flexibil-
ity. This means above all that con-
tractual oil supplies will be largely
replaced by more favorable pur-
chases on the spot market. In ad-
dition to immediate steps to reduce
losses, long range adjustments
have been planned to improve
results significantly, including fur-
ther energy savings and increased
flexibility in supply and refining.

One of these adjustments is an
increase in the conversion rate
within total refinery capacity to
make operations more flexible by
being able to switch to lighter distil-
lates when necessary. This propor-
tion is now 35 percent, well above
the average for refineries in West
Germany as well as in Europe as a
whole; and it will be further
increased after taking into oper-
ation a new hydrocracker being
now under construction. Moreover,
VEBA has, as a consequence of the
BP deal in 1978, undergone struc-
tural changes, especially in refinery
capacity and marketing, without
which financial losses on these
operations would have been much
greater.
== —pr- = ===

Restructuring in the

chemicals sector

Decisive savings measures
and restructuring are also being
implemented in the chemicals
sector.

VEBA AG had increased its
equity stake to a majority holding
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in CHEMISCHE WERKE HULS
some years ago, with the expressed
objective of improving its product
structure, switching from mass
chemicals to more specialized and
consequently valuable ones. In
the case of mass produced plastic
goods, which are particularly sensi-
tive to economic cycles, this strate-
gy has proved to be successful. The
share of special items in the product
range is 65 percent. However, earn-
ings are unsatisfactory. This is
also true for fertilizers. The other
sectors are operating profitably.
Sweeping measures to reduce costs
were already introduced in 1981. In
1982, a supplementary rationaliz-
ation program is being carried out.
Herr v. Bennigsen is confident that
these steps will lead to a positive
development of results starting in
1983.

T
Trading satisfactory

The VEBA chief executive
expressed satisfaction with devel-
opments in the Group’s fourth
major area of activity, trading and
transportation: “Evenif certain sec-
tors experience difficulties in the
second half of the year, we are
reasonably confident that the pro-
jected results will be achieved
andthatthey will make a stabilizing
contribution to the overall results
of the VEBA Group.”

Confidence in future
development

Herr v. Bennigsen firmly
believes that VEBA is well-
equipped to take advantage of |
opportunities provided by the
international division of labor
through its efficient trading set-up,
its high level of technological |
knowhow and the cooperation and
support it receives from the Federal
Republic Government which is the
Corporation’s largest single share-
holder.




VEBA was founded in 1929 as
“Vereinigte Elektrizitéts- und Berg-
werks-Aktiengesellschaft” in Berlin
in order to combine the electricity
and mining interests of the Pruss-
ian State. Until the mid-sixties it was
a public-sector company. In 1965,
VEBA was denationalized. The
Federal Republic of Germany
holds around 44% of the Com-
pany’s equity, while the majority is
in the hands of approximately
700,000 shareholders. The head-
quarters of the Company is in
Diisseldorf.

The VEBA Group has around
83,000 employees and achieved a
turnover of almost DM 50 billion
in 1981. In terms of total sales,
VEBA is therefore the largest com-
pany in West Germany.

The Company’s main activi-
ties are electricity generation and

VEBA - Energy 1s our Business.

supply, mineral oil, chemicals, as
well as trading and transportation.

[ g g Y g
Electricity

Electricity is the main sector of
the VEBA Group. PREUSSEN-
ELEKTRA and its subsidiary
NORDWESTDEUTSCHE KRAFT-
WERKE operate 36 power stations.

| These supply electricity for about

VEBA at a Glance 1981

Total external sales million DM 49,428
Electricity generated mill kWh 58,792
Natural gas production mill kWh 2,539
Crude oil production 1,000 tons 2,052
Crude oil throughput 1,000 tons 11,890
Net income ~ million DM __ 539
Capital invested million DM 2277
Personnel 82,935

12 million people living between
Flensburg and Frankfurt.

The second important VEBA
energy company, VEBA KRAFT-
WERKE RUHR, operates 8 power
stations, mainly supplying whole-
sale users with electricity. The pit
coal in the Ruhr area provides 95%
of the fuel for electricity generation.

The two companies maintain
| a network of more than 100,000

kilometers for electricity distribu-
tion.

Petroleum

VEBA OEL is active in the
total field of mineral oil: from
exploration and production to
transportation and processing for
consumer supply.

Exploration and production of
crude oil are realized by the com-
pany itself and by DEMINEX
(VEBA share: 54%) in many coun-
tries.

Company-owned tankers car-
ry the oil to the large European
pipeline systems, in which VEBA
has a stake. VEBA OEL has above
average conversion capacity in re-
fineries, and is very active in petro-
chemicals as well.

AR
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The products of VEBA OEL _
are mainly sold through its own Trading and Total Investments
trading company RAAB KAR- Transportation DM million 2155 0
cipation), Germany's foremost ga- | and transportation  company |
soline station network. within the VEBA Group is 1730 |
—— | S TINNES. About 807% of this com-
Chemicals pany’s sales volume is in the trad- 1531 1,480 |
o ing sector, approximately 20% is in |
The VEBA chemical interests transportation. |
are concentrated at CHEMISCHE . ) - |
- The main trading activities are
WERKE HULS. . ) j
; international fuel business, sales of
This company produces more . ) .
. L building materials, chemical pro-
than 1,000 different products in its )
D ducts, ores and minerals, steel pro-
factories in West Germany. The . .
: . ducts, technical equipment and
program comprises chemical raw
. : ) : consumer goods.
materials and inorganic chemicals, - )
organic chemicals and detergent An additional important trad- 1977 1978 1979 1980 198]

raw materials, lacquer raw mate-
rials, refined chemicals, plastics,
latex and synthetic rubber as well
as fertilizers and agrochemicals. In
plastics and detergent raw mate-
rials, CHEMISCHE WERKE
HULS ranks among the most im-
portant manufacturers in Europe.

Product  distribution s
achieved through its own world-
wide sales organization.

ing company of the VEBA Group is
RAAB KARCHER, which mainly
concentrates on the distribution of
VEBA OEL products but also sells
products of other companies.

The broad diversification of
VEBA with its multiple activities,
especially in the energy sector, gives

the Company a solid base for fur- |

ther growth as well as greater inter-
nationalization of the Group.

()

oV

Karl-Arnold-Platz 3, 4000 Diisseldorf 30, West Germany
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DUAL INFLUENCES on the net rate of the slowing rotation of
the earth are presented in a plot of the total solar eclipse of April 15,
136 B.C., noted in Babylonian astronomical records. If the rate of the
earth’s rotation had been then what it is now, the totality track of the
eclipse would have fallen far to the west of Babylon, missing the city

by more than 47 degrees of longitude. If no factor other than tidal
friction were involved in altering the rate of rotation, the track would
have been displaced to the east of Babylon by more than 22 degrees.
Because in fact the eclipse was total at Babylon some acceleration in
the rate of rotation must be partly counterbalancing the tidal effect.

reads: “Altitude of Sirius at the begin-
ning, 31 degrees in the east; revolution
of the celestial sphere from sunset until
the commencement of the eclipse, de-
termined with the astrolabe, about 148
degrees.” It is of interest that the de-
termination of altitude rather than the

direct measurement of time remained
a European astronomical practice in
observing eclipses and other events
throughout most of the 17th century;
the practice ended only when reliable
clocks became available.

Known Arabian sightings of near-to-

tal and total eclipses of the sun are few.
It is probably because the Arab chroni-
cles, many of which exist only as manu-
scripts, have not yet been systematically
searched. A recent study by Bernard R.
Goldstein of the University of Pitts-
burgh has uncovered a brief but precise

. (1842)
. A
1750 1800

(1715)

o .
1850

(1851)

i
1900

(1925)

(1966)

(1878)

(1900)

HYPOTHESIS OF A SHRINKING SUN, proposed in 1979 follow-
ing analysis of th ds of right-: ion m ements, is contra-
dicted by measurements based on the observed duration of 30 tran-
sits of Mercury (colored dots) and six total solar eclipses from A.D.
1715 to 1925. The two slopes indicate where past measurements of
the sun’s diameter should have fallen if indeed it has been shrinking
at a rate of one second of arc per century (@) or at half that rate (b).
Typically each of the eclipses from 1715 to 1925 has been timed by

180

some 10 to 20 observers and the transits of Mercury often by more
than 100 observers. The means of the eclipse measurements are en-
tered for the appropriate year; the error bars represent a 95 percent
level of confidence. Analysis of both series of observations supports
the conclusion that the sun’s apparent diameter is changing at a rate
of minus .16 + .14 second of arc per century, essentially a null result.
Substantial variations are evident, however, implying that on a time
scale of decades fluctuations in the diameter of the sun do take place.
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digits, decimal points,and details.
We wouldn't trust them to anything less
than Scotch Brand Data Cartridges.’

Bill Birkett, Vice President,
Trade Graphics, Inc.,
Livonia, Michigan

The unique design of a data
cartridge provides great reliability,
high storage capacity and long
tape life. And where could you
possibly get betterdata
cartridges than Scotch Brand,
made by 3M, the people who
invented the data cartridge
system itself?

3M controls every step in manu-
facturing. Top quality magnetic
tape and precision components
are part of every Scotch Data
Cartridge. Over twenty-five years
of service to the computer in-
dustry assure you of the utmost
reliability.

Scotch Data Cartridges are
available in miniature DC 100A,
the standard-size DC 300A and
now, an extra-length DC 300XL
with 50% more storage capacity.
They are compatible with most
cartridge systems including
Hewlett-Packard, IBM, NCR,
Tektronix and TI.

To find out where you can find
Scotch Data Cartridges or virtually
any other data recording medi-
um, call toll-free: 800-328-1300.
b N (In Minnesota, call collect:
Tt 612-736-9625.) Ask for the
: ‘;‘;}*‘:F:E N S Data Recording Products Division.
- - - # . -
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If it's worth remembering,
it's worth Scotch
Data Recording Products.
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account of an annular eclipse. The ac-
count was mentioned in one of the trea-
tises of the Arab astronomer al-Biruni
and relates to the eclipse of July 28, 873,
as seen at Nishapur in Persia. Al-Bi-
runi’s entry states: ‘[The astronomer al-
Iranshahri] recorded that the body of
the moon was in the middle of the body
of the sun such that the light of the re-
maining portion of the sun surrounded it
uneclipsed; thus it is clear that the ap-
parent diameter of the sun exceeds that
of the moon.” The last clause, an in-
terpolation by al-Biruni, is of course
wrong, but Tycho Brahe later arrived
at the same mistaken conclusion quite
independently.

As these various examples, drawn
from records over the past 2,500 years,
make clear, there is a rich store of both
solar and lunar eclipse observations that
can be utilized in the study of the earth’s
rotational history. Nevertheless, these
data are far from ideal. For instance,
there is a gap between A.p. 100 and 800
and little usable material between A.D.
1300 and 1600. Hence itisnot at present
possible to trace a continuous history of
the variations in the rate of the earth’s
rotation. How much can be done?

To analyze an eclipse observation it is
necessary to compute the celestial coor-
INNER PART of the sun’s corona, normally invisible, rings the circumference of the moon in  dinates of both the sun and the moon
this photograph of the eclipse of February 16, 1980. Flecks of color are solar prominences.  with high precision. With the sun the
computation presents little difficulty.
Toward the end of the 19th century
Newcomb produced a detailed theory
of the motions of the earth and the other
inner planets around the sun; his theory
is still used in computing the data in As-
tronomical Almanac and similar ephe-
merides. When the apparent positions
of the sun as seen from the earth, com-
puted from Newcomb’s theory, are
checked against the positions comput-
ed from a dynamical, integrated ephem-
eris, they show no significant differ-
ences throughout the historical period.

With computing the celestial coor-
dinates of the moon, however, there are
problems. Modern lunar theory, large-
ly the work of Ernest W. Brown of Yale
University at the turn of the century,
would be able to provide a highly accu-
rate lunar ephemeris for any day in the
historical past if only the moon’s rate
of recession from the earth could be
determined precisely.

his may eventually be possible, but

astronomers today are unable to
compute the coordinates of the moon
2,000 years ago to closer than a tenth of
a degree. That rather large uncertain-
ty upsets calculations bearing on the
changing rate of the earth’s rotation in
the past. It does not, however, prevent
ancient eclipse data from yielding useful
TWO COMPONENTS of the earth’s shadow appear in this photograph of the total lunar information.
eclipse of January 9, 1982, as totality was advancing. What appears to be a crescent missing from Consider the single total solar eclipse
the moon’s edge is the umbral sector; the lighter band beyond is the deep penumbral sector. noted in the Babylonian records: the
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eclipse of 136 B.c. That is possibly the
most reliable of all ancient eclipse ob-
servations. Neglecting the moon uncer-
tainty, how fast would an ideal clock,
started in 136 B.c., now be compared
with an earth clock? The clock error
would be in the range of 3.13 to 3.38
hours; any value outside that range
would make the 136 B.c. eclipse only
a partial one at Babylon, which would
contradict the historical record.

Taking all the ancient data as a group
(mostly Babylonian observations but
including a much smaller number of
Chinese ones), the average rate of
day lengthening since ancient times
is 1.78 £ .11 milliseconds per century.
(The allowance for observational er-
ror is as small as +.02 millisecond per
century.) When the medieval data are
similarly grouped, the average value
since A.D. 1000 is significantly small-
er: 1.45 + .15 milliseconds per century.
These figures compare with the tidal re-
sult of 2.51 milliseconds per century.

As tidal friction is slowing down the
earth’s spin other processes act to speed
it up. Sea level has an influence. Some
scholars suggest that the planet is con-
tracting; others suggest that the core is
expanding, because of continued heat-
ing by the radioactive isotopes in it. Ei-
ther process would diminish the plan-
et’s moment of inertia, accelerating its
rate of rotation and thereby decreasing
the length of the day. The average rate
of day lengthening since ancient times
would have been even greater except
for this accelerating influence. Further-
more, the smaller average rate of length-
ening indicated by the medieval eclipse
data is due to an approximate doubling
of the acceleration component in more
recent centuries. Thus it would seem
that over a period of some thousands of
years the acceleration of the earth’s spin
has been rather variable.

In default of any other adequate ex-
planation, the nontidal tendency toward
a shorter day length may be attributable
to a gradual decrease in the earth’s mo-
ment of inertia, whether it is due to sea-
level changes, to the planet’s shrinkage
or to the redistribution of material in its
interior. To judge from the diminishing
millisecond-per-century values for day
length, the rate of diminution in the mo-
ment of inertia in recent centuries is
about twice what it was in ancient times.
Now, as simple a change as a 1.2-meter
fall in the average sea level over the past
2,500 years could have produced the
earlier, lower rate of diminution. Better
historical sea-level data than those now
available may eventually help to deter-
mine the actual importance of the other
proposed causes for the rate change. In
any event the data contained in eclipse
observations of the past may well make
significant contributions to a solution of
these classic problems of geophysics.
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THE AMATEUR
SCIENTIST

Delights of the “‘wobbler,” a coin or

a cylinder that precesses as it spins

by Jearl Walker

surface and flick it with your finger.

It will spin vertically but soon will
start to wobble and tilt until, with a clat-
ter that increases in frequency, it ends
up flat on the surface. A cylindrical ob-
ject such as a bottle can also be made to
wobble on its base, but unless the wob-
ble is so strong that it makes the object
fall over it remains upright. A bit of ex-
perimenting reveals a lot about how
such objects wobble and what deter-
mines whether a wobbler finishes flat
or upright. My analysis is based on a
study by Lorne A. Whitehead and Frank
L. Curzon of the University of British
Columbia that will appear in American
Journal of Physics. Whitehead designed
an apparatus for studying the phenom-
enon and initiated the mathematical
analysis. I have also drawn on earlier
work by Martin G. Olsson of the Uni-
versity of Wisconsin at Madison.

Wobbling has three noteworthy fea-
tures. First, it is periodic. Second, the
object rolls around on its supporting
surface without slipping. Third, the cen-
ter of mass of the object gradually
moves downward but does not shift
much horizontally unless the object has
been started into a clumsy spin.

Wobble lasts for as long as it does
because two losses of energy are mini-
mized. The lack of slippage diminishes
the loss of energy to friction with the
surface on which the object is spinning.
The lack of vibration of the center of
mass and of the support point eliminates
an additional loss of energy.

The top illustration on page 188
shows the main physical characteristics
of a wobbling object. The object is in
contact with the supporting surface at a
single point. An axis of symmetry ex-
tending along the length of the object is
usually at an angle to the vertical. As the
wobbler spins around this axis the axis
turns around the vertical. Since the cen-
ter of mass is stationary as the object
rotates, the bottom of the wobbler rolls
in a circle around the vertical axis pass-
ing through the center of mass. This is

ESet a coin on its edge on a smooth

184

precession, the movement usually seen
when a toy top has been set spinning.

The force that generates precession is
developed at the point where the wob-
bler touches the surface on which it is
turning. Although each part of the wob-
bler is pulled downward by gravity, the
combined weight can be assumed to act
through the center of mass. If the wob-
bler were not also spinning around its
axis of symmetry, the pull on the cen-
ter of mass would cause the object to
fall over.

A force usually makes an object ac-
celerate in the direction of the force, but
a force acting on something that is spin-
ning creates a torque that makes the
object turn. The torque on a wobbler
causes precession. If the rate of rota-
tion is too low or too high for the object
to roll without slipping, friction quick-
ly increases the rate of spin until the
slipping stops.

What the torque is actually doing is
redirecting the angular momentum of
the wobbler. This quantity is the prod-
uct of the object’s distribution of mass
(its moment of inertia) and its rate of
spin. The angular momentum can also
be described as a vector that lies in an
imaginary vertical plane containing the
axis of symmetry around which the
wobbler is spinning. Rotating about
the vertical axis that passes through the
center of mass, the vector maps out
an imaginary cone. Hence the axis of
symmetry also rotates about the ver-
tical. Lacking gravity and the torque
it generates, an object could be made
to spin without precessing. A wobbler
then would not wobble.

A wobbler’s rate of precession de-
pends in part on the angle between the
axis of symmetry and the vertical. When
Whitehead and Curzon analyzed this re-
lation, a surprise emerged. In general a
wobbler will precess steadily at any an-
gle of inclination between approximate-
ly zero (with the axis of symmetry near-
ly vertical) and 90 degrees (with the axis
nearly horizontal). The surprise was that
the wobbler will not precess steadily in
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a certain zone that is determined by its
shape. The forbidden zone is easy to de-
termine if the object rolls around on a
circular rim, as coins and bottles do,
but is hard to determine if the shape is
more irregular.

Whitehead and Curzon worked with
a cylinder in their study of the require-
ments for steady precession. The range
of inclination angles at which a cylindri-
cal object cannot precess steadily de-
pends on the shape of the cylinder. In
particular the ratio of half of the cylin-
der’s length to its radius is crucial. A
coin is a cylinder in which the ratio is
small; with beer cans and most other
cylinders the ratio is large.

The results of the analysis are shown
in the graph at the bottom of page 188.
The ratios of half length to radius are on
the horizontal axis and the inclination
angles are on the vertical one. For ex-
ample, the inclination angle of a coin
is small when the coin is nearly flat and
large when it is on or near its edge.

The cylinder precesses steadily when
its axis of symmetry is outside the for-
bidden zone. That zone is marked by the
angles 0, and 6,. The angle is 6, when
the cylinder’s center of mass is directly
above the support point, in which case
gravity provides no torque for the pre-
cession. At 0, the angular-momentum
vector is vertical and torque again does
not cause precession.

Ordinarily these angles differ. They
are the same only for a cylinder with
a half-length-to-radius ratio equal to
v3/2 (half of the square root of 3). A
cylinder with a smaller ratio precesses
more like a coin and would be recorded
on the left side of the graph. Long cyl-
inders such as cans precess in a way
that is reflected on the right side.

A coin spun on a surface begins to
wobble in a steady precession when the
conditions are as indicated in section a
of the graph. As it gradually loses ener-
gy to friction its angle of inclination de-
creases. Initially the rate of precession
decreases too, but when the angle of in-
clination approaches zero, the preces-
sion rate begins to rise. You can detect
the change with your ears as well as your
eyes. As the angle of inclination decreas-
es, the clatter of the coin first drops in
frequency (reflecting the initial decrease
in the rate of precession) and then rises.

If you are looking down on the coin,
you can also monitor the spin rate. At
first it is too high for you to be able to see
the face of the coin clearly. As the coin
approaches its final horizontal position
the spin rate diminishes and the face of
the coin becomes clearer. The increas-
ing clatter from the increasing preces-
sion rate contrasts sharply with the de-
creasing spin rate.

How can the precession rate of a wob-
bling coin increase while the coin is
losing energy to friction? The coin has
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three types of energy. Two are rotation-
al kinetic energies associated with the
spin around the axis of symmetry and
the precession around the vertical. The
third type is gravitational potential en-
ergy. Every part of the coin except the
point in contact with the table has poten-
tial energy, but the situation is easier to
understand if the entire amount is asso-
ciated with the center of mass.

The coin has to tilt increasingly as it
wobbles because friction with the sur-
face gradually removes the energy of
the spin around the axis of symmetry.
With a smaller rate of spin the axis of
symmetry must move closer to the verti-
cal. As a result the center of mass drops
closer to the surface and the potential
energy of the coin decreases. The loss
of energy (both kinetic and potential)
forces the coin to precess faster, some-
what like a rubber ball that bounces
more frequently as it loses energy.

In theory you could also make a coin
spin in the conditions represented by
section b of the graph, but it would be
difficult. The coin begins to spin while it
is nearly vertical. As it loses energy to
friction its angle of inclination increases

to 90 degrees. In principle the coin
would come to rest balanced on its edge.
This position is unlikely in practice be-
cause the coin is too sensitive to small
perturbations. It would probably fall
over and lie on the surface.

A cylinder with a ratio of half length
to radius of v/3/2 shows the greatest
range of inclination angles at which it
can precess smoothly. Longer cylinders
such as bottles wobble in two different
ways, which are represented by regions ¢
and d on the graph. A cylinder set wob-
bling when it is nearly upright performs
as shown in region ¢. You could start a
bottle in this way by putting one hand
on each side of it while it is inclined al-
most at the balancing angle of 6; and
rapidly moving your hands in opposite
directions.

The bottle rolls on its rim. It gradually
speeds up, and the angle of inclination
decreases as the bottle approaches the
vertical. Since the bottle is tall, it can
be affected by nonuniformities in the
rim and the table. The wobble is usual-
ly unstable.

A cylinder wobbling under the condi-
tions represented in region d begins with

its axis of symmetry almost horizontal.
The angle of inclination may be just
slightly larger than 6,. As with a coin the
angle of inclination cannot be exactly 6,
because the precession and spin would
be infinitely fast. In losing energy the
cylinder begins to lie down and its rate
of precession decreases steadily. When
it lies flat, it still has in principle some
minimum rate of precession, but in fact
it is quickly stopped by friction with the
surface.

You can start a small cylinder in this
type of motion with a snap of a finger.
The cylinder precesses smoothly and
gradually descends to the surface, where
itrolls about more irregularly. Its clatter
steadily decreases in frequency.

Whitehead realized early in his work
that the wobble of a cylinder could be
prolonged with jets of air. He rigged an
apparatus in which jets of air were di-
rected tangentially at a cylinder of alu-
minum eight centimeters long and three
centimeters in diameter. Launched by
hand at a large angle of inclination, the
cylinder wobbled in a way represented
by region d of the graph. Precession fre-
quencies of up to 100 cycles per second

An aluminum cylinder wobbling in a chamber designed by Lorne A. Whitehead

186

© 1982 SCIENTIFIC AMERICAN, INC



SCIENCE. “SCOPE

For his pioneering contributions to geostationary communications satellites, Dr.
Harold Rosen of Hughes has been given the prestigious Alexander Graham Bell
Medal by the Institute of Electrical and Electronic Engineers. Rosen is
credited with conceiving the first practical geostationary communications satel-
lite, which orbits 22,300 miles high and appears to hover in the sky. A single
satellite covers over a third of the globe. Early satellites orbited at low
altitudes and would have required a large orbiting fleet and complicated track-
ing procedures if continuous communications were to be provided.

A complete 3-D microelectronic 32x32 array processor is significantly closer to
being demonstrated now that Hughes scientists have fully interconnected a stack
of two wafers. Each of the wafers has a 32x32 array of aluminum feedthroughs
migrated through the silicon wafer, forming low resistance paths across the
wafer. Micro-spring bridges made for each unit cell of the array connect one
wafer to the other. Improvements in fabrication and assembly techniques led to
a performance yield on bridge/feedthrough interconnections of better than 99%.

Scientists have tracked the ash plume from the Mexican volcano El1 Cinchon with
the aid of a weather satellite. Daylight and infrared pictures from GOES-5
(Geostationary Operational Environmental Satellite) clearly showed the April 4
eruptions even from 22,300 miles in space. Subsequent images revealed the plume
rising high into the stratosphere and across the Yucatan peninsula. The dust
now rings the planet in a wide band. Because E1 Cinchon blew far more dust into
the stratosphere than did Mount St. Helens in 1980, scientists are speculating
on the volcano's long-term effects on world climate. GOES-5 was built by Hughes
and is operated by the National Oceanic and Atmospheric Administration.

The new Intelsat VI communications satellite is configured to minimize launch
costs and to be deployed easily from NASA's Space Shuttle. The drum-shaped
spacecraft, when folded, fits snugly in less than half of the Space Shuttle's
cargo bay. Its weight and length are proportioned to take advantage of launch
pricing policies. Intelsat VI will be ejected from its cradle much as a flying
disc is thrown. The method imparts a slow spin to stabilize the spacecraft. A
perigee motor will kick Intelsat VI into synchronous orbit, after which spin
thrusters will fire to stabilize it. Finally, the antenna system will unfold
and an outer panel of solar cells will telescope down to provide extra power.
Hughes heads an international team building the Intelsat VI series for the
International Telecommunications Satellite Organization.

Career growth opportunities exist at all levels at Hughes Support Systems for a
variety of engineers qualified by degree or extensive work experience. They
include systems engineers and software and hardware design engineers for major
simulation and test equipment programs. Also, field engineering posts through-
out the U.S. and the world offer travel, autonomy, and responsibility for the
life cycle of Hughes electronics systems. Phone collect (213) 513-5235. Or
send your resume to Professional Employment, Dept. SE, Hughes Aircraft Company,
P.0. Box 9399, Long Beach, CA 90810-0463. Equal opportunity employer.

Creating a new world with electronics

' HUGHES '

HUGHES AIRCRAFT COMPANY
CULVER CITY.CALIFORNIA 90230

(213) 670-1515 EXTENSION 5964
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could be achieved by adjusting the jets.
Although the motion was stable, the cyl-
inder had a tendency to drift across the
table. Whitehead therefore set out to
build a better apparatus.

The result is a container with a Plex-
iglas base 15 centimeters in diameter.
Whitehead machined the base so that it
is concave; its radius of curvature is 50
centimeters. The top surface is polished
to eliminate rough features that would
interfere with a stable wobble. A layer
of rubber an inch thick is glued to the
surface to provide better resistance to
the air. The concave surface keeps the
wobbler from straying from the center.

Air jets from a standard laboratory
supply of air are directed into the con-
tainer near the base. They maintain the
energy of the wobbler, overcoming its
losses to friction. The air goes out of the
container through the top, which is a flat
piece of Plexiglas with holes in it.

The main problem faced by White-
head was how to freeze both the preces-
sion and the spin of the wobbler. Usual-
ly the two proceed at different rates. The
solution was to deploy a wobbler in
which the spin rate is an integral multi-
ple of the precession rate. If a strobo-
scope is then set to flash at the preces-
sion rate, both the precession and the
spin are frozen.

Whitehead chose as a wobbler a care-
fully machined cylinder of aluminum
with a half-length-to-radius ratio of
2.71. When such a cylinder wobbles at
an angle of inclination of 64 degrees, its
spin rate should be twice as high as its
precession rate. Thatangle is close to 6,
for the cylinder. By adjusting the rate of
flow in the air jets he could achieve fine
control of the angle of inclination and
thereby of the precession rate. The stro-
boscope was operated at a frequency of
50 hertz.

Whitehead had to remachine the cyl-
inder a bit to achieve the desired ratio of
2 in its precession and spin rates. A pre-
cision of about .1 millimeter was neces-
sary. When the cylinder was right, he set
it in motion by hand to wobble under the
conditions of region d. It quickly devel-
oped a stable wobble near the desired
angle of inclination. Whitehead adjust-
ed the flow of air to maintain the an-
gle. Under these conditions the wobble
could be maintained for three or four
days. A cylinder of this kind could be
kept wobbling longer if the concave
base of the apparatus were made of a
material harder than Plexiglas. To keep
wobbling smooth on Plexiglas calls for
an occasional repolishing of the surface.

Olsson has studied the wobble of a
coin, analyzing the motion with meth-
ods that could also be applied to a
child’s top. The two objects are actually
quite similar. When Olsson sets a coin
spinning on its edge, the spin is at first
stable against perturbations from the ta-
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with your FREE-NO PURCHASE-OBLIGATION membership

Vivaldi's Mandolin Concerto in C Major is a work
of such captivating beauty and universal appeal
that once it is heard, the listener is almost compelled
to hear it apain and again. This fact was experienc-
ed by hundreds of thousands of viewers of the
Academy Award winning movie Kramer vs.
Kramer, in which this Mandolin Concerto was
featured.

A brief movement from a Vivaldi mandolin con-
certo was played frequently for one week on a
“pop”’ radio station. The reaction of the station's
listeners was astonishing—after this exposure the
disc sold some 80,000 copies! This is the record that
was played by the station!!

Now you, too, can enjoy a copy of this out-of-this-
world recording for only $1.00 ($2.00 for cassette)
along, with your FREE-NO OBLIGATION member-
ship in the Musical Heritape Society.
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The Musical Heritage Society has been acknowledged as “'the
Nation's treasure house of obscure as well as familiar classical
music.”
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from Our Master Catalog’ containing records and cassettes
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international awards.
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FIRST TIME! Manufactured to the highest quality standards of
which the recording industry is capable, the Society's records
are perhaps the finest in the country.

HOW THE SOCIETY OPERATES

The Society's recordings are not sold in stores. They are of-
fered directly through the MUSICAL HERITAGE REVIEW
magazine at three-week intervals. As a member, you'll enjoy
substantial savings. Member prices are $4.95 per LP or cassette,
plus postage and handling, (deluxe-boxed editions and digital
recordings are slightly higher).

When the Society receives your request, it sets up an account
in your name and begins sending, your free one-year subscription
of the MUSICAL HERITAGE REVIEW for your edification and
delight. There is NO PURCHASE OBLIGATION and you may
discontinue the complimentary subscription at any time. As a
subscriber, outstanding, selections will be scheduled for shipment
to you from each issue—but there is no obligation to accept
them...order only those you want when you want them!

A special response form will be enclosed with each
Review...and you may use it to order or reject any selections

simply by mailing it by the date specified. And if you want only
the scheduled selections, you need do nothing—they will be ship-
ped to you automatically. What's more, you'll have at least 10 full
days in which to make your decision—if you ever have less time
than that, just return the special selections at our expense, for
full credit.

Unforpettable Moments of Musical Pleasure
Await You—Send for this Recording and your Free
Society Membership Today!
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ble and from gravity. Friction gradually
slows the spin, which soon drops below
a critical value determined by the coin’s
mass, radius and moment of inertia.
Then the coin begins to wobble.
Olsson also demonstrates wobbling
in a large-scale way, spinning an alumi-
num disk that is an inch thick and about
as big as a manhole cover. It wobbles
with quite a noise, and toward the end,
when the disk is almost flat, the racket
is impressive. In a classroom where the
seats are on a sloping floor the students
can both watch the spin rate and hear
the precession rate. The contrast be-
tween the decrease of the one and the
increase of the other is mesmerizing.

n October, 1979, I described the rattle-
back, a toy that resists spinning in one
direction but spins easily in the other.
Many readers have asked where such a
toy can be bought. It is now being sold
by Toltoy, Inc. (5439 Schultz Drive, Syl-
vania, Ohio 43560), under the name of
Space Pet.

Est December I examined the phe-
nomenon of bubbles in beer and
other carbonated drinks. Many people

Anglc mosta—71
equals 6,

'/
Center of masf/_
almost over

support point f /

— /

/

Early stage of wobble

have written to me amplifying my ex-
planation of why bubbles starting at the
bottom of a glass of beer grow larger as
they rise. I attributed the expansion to
reduced hydrostatic pressure. My critics
point out that the bubbles become larger
than they would if reduced hydrostatic
pressure were the only thing affecting
them and that the bubbles must also be
collecting dissolved carbon dioxide gas
as they rise.

I erred too in stating that gas bubbles
originate only on the sides of the glass
where pockets of air or carbon diox-
ide gas already adhere to crevices. Such
pockets do serve as nuclei for the for-
mation of bubbles, but another impor-
tant source is pointed out by Thomas
D. Kunkle of the Los Alamos National
Laboratory. The liquid contains micro-
scopically small regions of gas left over
from the cavitation that resulted when
the beer was poured into the glass. I
would have thought that the molecules
of gas in such regions would quickly dif-
fuse into the liquid, where they would
dissolve. According to Kunkle, how-
ever, the regions are stabilized against
diffusion by surface-active molecules
that bond together to form a “skin” one
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molecule thick. These regions of gas
then act as nucleating agents for the for-
mation of bubbles as more gas comes
out of solution.

Rinehart S. Potts of Glassboro, N.J.,
asked why one should avoid cleaning
beer glasses with a detergent. It matters
only if you want lots of bubbles in the
beer after the cavitation from pouring
the drink has subsided. A detergent is
likely to coat the surface of the glass,
and so the crevices there are less able to
serve as nucleating agents.

Paul C. Condit of San Anselmo, Cal-
if., and Richard W. Hill of East Lansing,
Mich., both told me about the practice
of salting beer that has been poured into
a glass. Some people salt beer because
they like the taste, others because the
salt generates more bubbles. The ad-
sorbed pockets of air on each grain of
salt serve as nucleating sites.

A “yard” container for beer or ale is
a distinctively shaped structure that is
about a yard long, with a round bottom
and a long, narrow neck. The drinker
must know how to drink out of it or he
will be drenched by a sudden gush of
fluid. I said the trick is to tap the neck
lightly so that bubbles will flow up the
tilted container to replace liquid that
is gently flowing down to the drinker.
Martin Reid of Surrey in England de-
scribes a better technique, which works
even if the fluid is uncarbonated (as
some ales are in England). He rotates
the neck of the yard glass as he drinks.
In this way fluid travels along the sides
of the neck as well as the bottom, and
the drinker achieves more control over
the flow.

H. D. Westphal of Puchheim in West
Germany wrote to me about a way to
remove the excess head of foam that can
build up in a poured beer. Weissbier
(or weizenbier), which is brewed from
wheat, has yeast added to it so that the
final stage of brewing takes place in
the bottle. The beer contains much more
carbon dioxide than most other beers
do, and so a big head develops when
weissbier is poured. The traditional
glass for the beer is tall, curved along the
sides and flat on the inside of the bot-
tom. It is rinsed in cold water, a small
amount of which is left on the bottom.
Then the bottle is put in the glass with
the neck close to the bottom. As beer
emerges and foam is generated the bot-
tle is pulled upward at the same rate and
the foam is sucked into it. The bottle is
then set aside so that the beer that ma-
terializes as the bubbles burst can be
drunk later.

Two letters reminded me of stories I
have heard for years but have not been
able to confirm. James L. Ealy, Jr.,, of
Pottstown, Pa., said that when an un-
opened bottle or can of beer has been
inadvertently shaken, the carbon diox-
ide that has been released in it can be
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NEW FROM McGRAW-HILL

For anyone thinking of a desk-top computer
who doesn’t know where 1o begin
or what to actually expect when it gets going.

McGraw-Hill’s At-Home Seminar in selecting the right microcomputer and software for your
business or profession. . .and getting every benefit it has to offer quickly and trouble-free.
On cassettes, with text, workbooks, and computer simulator.

Now, you can gain a clear understanding of
whether your business will actually benefit from
your having a microcomputer, and how much.

You can learn what a microcomputer will really
do, how it does it, and
what'’s required to make
it happen within your
organization.

You’ll know the kind
of computer that’s best
for you—in terms of
your present needs and
probable future re-
quirements. Without
paying too much for ex-
Cess capacity, unneces-
sary functions, or the
wrong peripherals; or,
committing probably the
greater mistake of pay-
ing too little for equip-
ment inadequate to your
needs. (There are more
choices available than anyone can investigate on
their own.)

You'll be able to evaluate the big name brands
and the unfamiliar ones. Objectively and without
having to depend on the “expertise” of a salesman.

Removes every mystery,
helps you over every hurdle

In other words, with McGraw-Hill’s at-home semi-
nar, quickly and inexpensively, through cassettes by
experts and vivid text, you’ll be able to draw on the
experiences of hundreds of others, become com-
fortable with the technical complexities (only a few
are essential from the user’s point of view), make
knowledgeable, intelligent decisions about entering
the computer age.

You'll know what programming is all about. Not
to do it yourself but to evaluate those programs
(software) that are available in terms of your own
needs. As you'll see, the secret is not getting the
right programs, difficult enough in itself, but
programs that will work together so all your
functions are compatible, particularly as your sys-
tem develops and expands.

We take you through every step. Clearly and
concisely. Without technical jargon. Of course, since
this is one seminar that you control, repeating
whatever’s necessary is easy, while you can quickly
skip through anything you already know or that’s
irrelevant to your purposes.

We show you exactly what to expect and what

has to be done to perform with speed and efficiency
the functions you have in mind already— inven-
tory, general ledger, word processing, etc.

Then you’ll see how your computer can be used

to perform tasks no me-
chanical system can du-
plicate or human mind
encompass. Controlling,
coordinating, analyzing,
forecasting. . . accessing
information you never
knew existed.

The Third Stage

Actually, this is the third
stage of the computer
revolution. From main-
frames, which only the
giant corporations could
afford, to minicomputers
costing $50 to $100,000
that brought computers
to tens of thousands of

companies, to the new generation of desk-top,
micro/mini computers, ranging in price from
$3-$4,000 to about $10 or $12,000 (with substantial
tax benefits cutting the cost even more) that are
feasible even for one to two-people firms.

What is truly extraordinary about this is that
these new, little, inexpensive computers can do

virtually everything those

old giants could do—
and in many ways more,
since they're more flexi-
ble and can use preexist-
ing programs for almost
every function.

You don’t have to
delay or miss out on this
for lack of understand-
ing or fear you'll be get-
ting in over your head.
Conversely, plunging
ahead without adequate
preparation— depend-
ing on a salesman or a
company representative
to help you over the
rough spots—could
create a nightmare, dis-
rupt your operation for
months and cost you
more money than a
computer can save in

years of operation.

If this seminar does no more than help you
through the transition from mechanical to elec-
tronic operations, it will be one of the best
investments of time and money you've ever made.

Free! Complete Information
Without Risk or Obligation

Now, we'd like to send you complete information so
you can make up your own mind about the
program. You'll see that it covers every aspect, on
nine cassettes, with accompanying text and a com-
puter simulator that makes the flow of information
through a computer system really easy to under-
stand.

Of course, you can listen to the cassettes at
home, in the office or while you're driving, turning
to the text to brush up on fine points or as a ready
reference. Equally important, you'll see the logical
way the program develops, one section building a
firm foundation for the next; so, grasping a func-
tion, for example, is easy since you already have
command of the language.

It's quick, convenient, costs considerably less
than any ordinary seminar and brings the com-
puter to you from a business and professional point
of view that's uniquely McGraw-Hill. For complete
information call now. There’s no risk or obligation.

Call Toll Free 1-800-323-1717
Ask for Operator 50 (In Illinois, phone 1-800-942-8881)

To: McGraw-Hill Continuing Education Center
Computer Science Division
3939 Wisconsin Avenue, NW I n
Washington, DC 20016 B

Or Mail Coupon

No Risk, No Obligation Reply Form
At-Home Seminar on Microcomputers with Cassettes

YES, I'm interested in finding out more about your microcomputer learning program.
Please send me complete and detailed information. I understand this does not obligate me

Name
Organization
Street Address

City/State/Zip
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APSE. R. Llinds, 1. Z. Steinberg and
K. Walton in Biophysical Journal, Vol.
33, pages 323-351; March, 1981.
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CHARGE-COUPLED DEVICES
IN ASTRONOMY

CHARGE-COUPLED DEVICES AND Sys-
TEMS. Edited by M. J. Howes and
D. V. Morgan. John Wiley & Sons,
Inc., 1979.

SOLID STATE IMAGERS FOR ASTRONOMY.
Edited by John C. Geary and David
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ARTIFICIAL INTELLIGENCE

ARTIFICIAL INTELLIGENCE AND NATU-
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415; March, 1980.

TIDAL BORES

A THEORY OF THE PROPAGATION OF
BORES IN CHANNELS AND RIVERS. M.
R. Abbott in Proceedings of the Cam-
bridge Philosophical Society, Vol. 52,
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PROCEEDINGS OF A CONFERENCE ON THE
ANCIENT SUN. Edited by R. O. Pepin,
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OUR RESFARCH IN E-BEAM
LITHOGRAPHY WILL MAKE OUR
1.25 MICRON VLSI CHIP LOOK LIKE
HORSE AND BUGGY TECHNOLOGY.

/ )___

WERE USING
E-BEAMS TO DEVELOP
VERY LARGE SCALE
INTEGRATED CIRCUITS
WITH SUB-MICRON
FEATURE SIZE.

At Honeywell, solid state
electronics is a key technology. We've
already built one of the largest in-
house semiconductor operations in
the United States. But we're fast
expanding our current capabilities
to meet the growing demand for
integrated circuits with extremely
small feature size. Recently, our
research in very large scale integrated
circuits helped us win a contract
for Phase 1 of the Department of
Defense’s VHSIC program.

In Phase O of VHSIC, we
produced a bipolar microcircuit with
125 micron feature size and more
than 7000 gates on a 200 X 250 mil chip.
But that’s only the first step. We're
now pushing optical lithography to its
limits, fabricating high-density, near-

micron microcircuits. With the help of
our advanced design automation
system, we are developing a bipolar
chip with 30,000 gates and a CMOS
chip with 300,000 transistors.

At the same time, we're
developing CMOS and bipolar micro-
circuits with 0.5 micron feature size.
But, the micron barrier will not
be broken with conventional optical
lithography. Sub-micron technology
will require significant advances
in four major fields: electron-beam
lithography, dry etching, ion implanta-
tion and low temperature processing.

For the last six years, Honeywell
has been conducting e-beam research.
Currently,computer controlled e-beam
equipment is used to print the masks
that are used in near-micron circuit
printing. In August, 1980, we began

using an e-beam system for direct
writing of very large scale integrated
circuits in the development laboratory
at our Solid State Electronics Division.

One of the problems in e-beam
direct writing is the proximity effects
from high-energy electrons colliding
with the atoms of the resist. At our
Corporate Technology Center, we're
working on an improved polymer
resist that will not degrade during
direct write.

Dry etching techniques, like
plasma etching and reactive ion mil-
ling, are another focus of Honeywell
research. Because dry etching tech-
niques work vertically, they are pre-
ferred to wet etching, which tends
to undercut the layers of the resist.
AtHoneywell, we're now in the process
of designing our own reactive ion
milling equipment.

We've taken tremendous strides
in our VLSI capabilities. But there
are still many possibilities in sub-
micron chip technology yet to be
explored.

If you are interested in learning
more about Honeywell’s research
and development of VLSI, you are
invited to correspond with Dr. J. M.
Daughton, Vice President, Solid State
Development Center. If you have
an advanced degree and are interested
in a career in systems analysis, solid
state electronics, sensors, design
automation, or material sciences,
please write to Dr.K. C. Nomura, Vice
President and General Manager, Solid
State Electronics Division. Both may
be reached at this address: Honeywell,
12001 State Highway 55, Minneapolis,
MN 55441.

Honeywell

Although Honeywell engineering is
world-wide, the bulk of corporately-funded
research and applied research is done
in Minneapolis. The most recent Quality
of Life Study conducted by Midwest
Research Institute shows Minnesota to be
one of the best places in the country to live
and work considering cultural, social,
economic, educational and political factors.

This ideal environment is further
enhanced by Honeywell’s affiliations with
universities across the country. We have
an ongoing program of seminars with
Berkeley, MIT, Stanford, Carnegie Mellon,
the University of lllinois, Cornell, Purdue,
Oregon Graduate Center, and the University
of Minnesota.
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“Bell put reduced
operating costs

atour fingertips?

If you've got a business, the Bell System has a way for you to
reduce operating costs. By installing a Dimension® PBX from Bell, you gain
control over many features of your communications system.

You will be able to assign your own extension numbers, which
means that an employee can change offices and keep the same number. Any
member of your staff can transfer a call without involving your operator. Any
call can be turned into a three-way conference call, with callers speaking from
three different telephone numbers. Any employee can instruct the system to
direct his or her calls to another telephone. Special rings distinguish outside
calls from inside calls.

You can assign special features to specific phones. You can limit
which phones have access to long distance calling. You can print out your own
record of calls for individual phones.

But you won't be entirely alone. Bell will continue to check your
system to identify problems before they develop. In many cases, repairs will
be made remotely.

Turn your telephone system into a productivity resource. Call
your Bell System Account Executive.

The knowledge business

®
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