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Mirada by Dodge. Engineered from scratch to be fuel efficient.

Best equipped personal car in ' L ’,

the mid-size class. - \ . ———

Automatic Transmission | A—
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Power Brakes
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But not at the expense of styling, luxury or performance.

MIRADA

Console with floor shift available.
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Discover more.

Let your mature taste lead you from
the finest premium Scotch on up to the
most expensive 12-year-old Scotch in the
world. The Glenliver. The ultimate in
Scotch.

Most premium Scotch is blended
and depends on several whiskies for taste
and smoothness.

Yet the unblended character of
The Glenlivet is noble enough to stand
alone. In this distinctive Scotch whisky
vou'll experience an exceptional smooth-
ness and full-bodied richness, unmatched
in all other premium Scotch.

Try the taste beyond premium
Scotch.

The Glenlivet

Unchanged since 1824.
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INFORMATION
MANAGEMENT. DOESIT
THREATEN
THE WORK ETHIC?

The American work ethic has always assumed that if you worked
hard, your efforts would be rewarded.

We wouldn’t argue with that. But we would like to amend it a little.

The way we see it, working hard isn’t nearly as important as
working well.

Information Management isn’t a way of sidestepping hard work.
It's a way of making it more productive.

For example, there’s no virtue in having to spend hours typing,
retyping and re-retyping documents. So we make electronic typing
systems that let you type, revise and retrieve information in a lot less
time. Which gives you alot more time to create and perfect it.

To make information easier to work with, we make a full range of
copiers, duplicators and computer printers. Ones that not only repro-
duce, but can reduce, collate or even print in color.

To make information more accessible, we have Telecopier trans-
ceivers and communicating typewriters that transmit information
CrosStown Or Cross-country in minutes.

We even offer computer services that let you manage information
without having to manage a computer.

So you see, Xerox information management systems are actually
the epitome of the work ethic.

They work harder. So you can work better.

XEROX

XEROX® and Telecopier® are trademarks of XEROX CORPORATION.

© 1979 SCIENTIFIC AMERICAN, INC



SCIENTIFIC
AMERICAN

Offprints

Each article in each issue of
SCIENTIFIC AMERICAN is
available in a separate Offprint
starting January,1977

Offprints will be ready for delivery by
the end of the month following the
month of issue. In addition, over 1,000
selected articles from earlier issues
are available in Offprints and are listed
in catalogue (see form below).

Individual and Corporate Orders
Offprints may be ordered in any quan-
tity and combination. Price: $.40
each; $5.00 minimum; payment with
order. Coupon below suggests form
of order.

School and College Orders
Offprints adopted for classroom use
may be ordered direct or through
campus bookstore. Price: $.40 each.
Student sets of 10 or more Offprints
are collated by publisher and deliv-
ered as sets to bookstore. Offprint
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W. H. Freeman and Company
660 Market Street, San Francisco, Cal 94104

Please send me Offprints:
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Total
Multiply by § .40

Payment Enclosed $

Minimum order $5.00, payment with order
California residents add sales tax

[ Please send free Offprint catalogue
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THE COVER

The painting on the cover focuses on a ball of elephant dung that has been
shaped by a male dung beetle of the species Kheper platynotus, which is one of
more than 2,000 species of dung beetle active in East Africa (see “The Ecology
of the African Dung Beetle,” by Bernd Heinrich and George A. Bartholomew,
page 146). The male is the insect at the lower left; he has begun to roll the com-
pleted ball a distance of several meters to a place where he will bury it. He
pushes with his hind legs, standing on his head. Atop the ball is a female of
the species; she will ride along passively and sink into the ground with the ball
as the male digs a hole for it. When the ball has been buried, the beetles feed
on it and then mate. The female lays one egg, and the remainder of the ball
serves as food for the larva. Dung beetles compete so fiercely for the droppings
of various mammals that dung is a scarce resource, notwithstanding the large
herds of mammals manufacturing it. The competitiveness is suggested by the
presence of two other beetles, which might try to steal the ball from its owners.

THE ILLUSTRATIONS

Cover painting by Tom Prentiss
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UN MO MENT DE  MARTELL

80 PROOF IMPORTED BY THE JOS GARNEAU CO, NEW YORK, NY.

DINNER IS OVER, BUT THE NIGHT IS STILL YOUNG.

WHAT BETTER TIME TO EXPERIENCE THE WORLD S
FINEST COGNAC—MARTELL.

AFTER ALL, MARTELL COGNAC HAS HELPED MAKE
EVENINGS MEMORABLE SINCE 1715.

MARTELL V.S.P, VS.O.P, AND CORDON BLEU.
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HOW TO GET
CONCERT HALL PRESENCE
WITHOUT BEING PRESENT

IN ACONCERT HALL.

Even the world’s finest stereo equipment can't reproduce the
realism of a live concert, unless your living room hagpens to be built
like Carnegie Hall. But when you add Pioneer's SR-303 Reverberation

Amplifier to your existing hi-fi system, you can bring that same sense of
spaciousness back to your music. And you can bring it back without
any “"echo howling” and other distortions, thanks to our newly devel-
oped Bucket Brigade Device. Unlike similar units, the SR-303 won't

cost more than your entire system. It'll just sound like it did.

SXSYEM ENHANCERS

©1979 U.S. Pioneer Electronics Corp. 85 Oxtord Drive, Moonachie; N.J. 07074

WPIONEER’

We bring it back alive.

WE ARE GOING
TO THE STARS

“‘Nothing can stop the questing of Man, not even men.
If we will it, not only the wonders of space,
but even the very stars can be ours."’

Are you interested in using your imagina-
tion and rational intelligence in some such
quest? Have you had enough of trying to be

roductive in spite of bureaucratic inter-
?crence? Are you dissatisfied with mediocrity
and blind conformity? Are you tired of being
held back by everyone around you? Do you
have the courage of your convictions?

Wester’ Shore Research and Development
Centre was established as a focal point for
human creativity. It offers a year round learn-
ing living working environment for practical,
accomplishment oriented innovators with in-
terests ranging from the pure and applied
sciences to the fine arts.

It provides an opportunity for users at
various levels of experience to pursue in-
dependent innovative projects according to
the dictates of their own interests.

In all things the Centre emphasises the
quality of life and the producing of simple

solutions to complex
problems through
original thought
rather than the use of
w “'fancy’'-equipment.

The Centre is neither Walden Pond nor
Gault’s Gulch and it is not accessible by
car nor by scheduled common carrier.

Overlooking a large bay in the ruggedly
beautiful wilderness of Newfoundland, the
Centre will, however, provide the funda-
mentals including:
® An incomparable setting
® Simple wooden buildings

® Books containing a distillation of the
knowledge of the human race

® Basic tools and equipment
® A mini-computer

® The stimulation provided by proximity to
other dynamic people

® Space Shuttle program participation
(NASA number 271)

Applications are now being accepted for
July, 1980. For more information write,
specifying your areas of interest, to:

WESTER’ SHORE RESEARCH & DEVELOPMENT CENTRE
M Suite 46508, T.D. Centre, Toronto, Ont., Canada M5K 1E7
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LETTERS

Your report [“Science and the Cit-
izen,” SCIENTIFIC AMERICAN, August]
on that masterly medical Munchausen,
William Mcllroy, does not tell the full
story. After the fascinating detective
story by Drs. Pallis and Bamji appeared
in British Medical Journal in April many
further accounts of Mcllroy’s past ex-
ploits were published in the correspon-
dence columns of the journal. The final
word came from Dr. Kennedy Cruick-
shank and his colleagues in Birming-
ham, who relate that our hero is alive
and “as well as can be expected and
in semiretirement [in an old people’s
home], no longer enacting his more
complete performances.” His comment
on his biography was: “It doesn’t do me
credit.”

Mcllroy undoubtedly did cost the
British taxpayer a good deal of money,
though perhaps not as much as your
account suggests, but one cannot re-
gard his activities as being totally with-
out value. The needs of a patient suffer-
ing from the Munchausen syndrome,
though quirky, are very real and are
satisfied, up to a point, by the kind of
management Mcllroy got. In retrospect
the overinvestigation and overtreatment
seem to have been wasteful of money

Editorial correspondence should be addressed to The
Editots, SCIENTIFIC AMERICAN, 415 Madison Avenue,
New York, N.Y. 10017. Manuscripts are submitted at
the author’s risk and will not be returned unless accom-
panied by postage.

Advertising correspondence should be addressed to C.
John Kirby, Advertising Director, SCIENTIFIC AMERI-
CAN, 415 Madison Avenue, New York, N.Y. 10017.

Offprint correspondence and orders should be ad-
dressed to W. H. Freeman and Company, 660 Market
Street, San Francisco, Calif. 94104. For each offprint
ordered please enclose 40 cents.

Subscription correspondence should be addressed to
Subscription Manager, SCIENTIFIC AMERICAN, 415
Madison Avenue, New York, N.Y. 10017. For change
of address, notify us at least four weeks in advance.
Send both old and new addresses and enclose an ad-
dress imprint from a recent issue. (Date of last issue on
your subscription is shown at upper right-hand corner of
each month’s mailing label.)

Name

New Address

Old Address




Great protection for anyone
moving up.

People on the way up often need something more than temporary life
insurance protection. And New York Life has just the answer: our whole life policy.
It's permanent insurance that protects you for as long as you live. You never
it have to fenew or convert it. Year by year, too, it builds an ever-larger cash value
i that gives your policy remarkable flexibility. In an emergency, for example, you
can borrow against the cash value. Or use it later towards retirement.
Why not talk over permanent protection with your New York Life Agent
~ soon. It's great protection for anyone moving up. ‘
i
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The gift for people
with a gift for photography.

Here’s a gift idea for your favorite camera owner,
one that should make you both happy. . .
It’s The Joy of Photography, a new T
Addison-Wesley softcover book by the d
editors of Eastman Kodak Company.
For the beginner, its an invaluable
resource of “how-to” material.
For the enthusiast, a guide to
learning to use light, pattern,
texture to enhance photographs.
It’s a rich compendium of
some of the best work being
done today.
The Joy of Photography,
the most gifted book
on photography you .
can buy. 312 pages.
550 photos (most in
color). Softcover $9.95.
Hardcover $19.95.
@ At a bookstore or photo dealer near you.

® Eastman Kodak Company, 1979.

"Rich with

human drama

and revealing chapters on the scientific, military and political
scene through World War II, this story has rarely been set down
in such breadth and detail'—Publishers Weekly

ot
“Crackles right along... The book is full of fascinating char- o !l
acters, who are allowed to describe one another and the
episodes in which they were involved... The approach works
well because the participants frequently lend immediacy
and brilliance to the drama!’—New York Times Book Review

THE ROCKET

TEAM

Frederick I. Ordway I11
and Mitchell R. Sharpe

Dlustrations,
appendixes, index.

$14.95

WG?O[UEL[
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and skills, but who is to discern the gen-
uine Munchausen prospectively? Un-
derinvestigation and undertreatment of
patients with truly obscure illnesses are
much more serious. One wonders how
Mcliroy’s counterparts fare in countries
with a less egalitarian medical service.

D. B. STEWART, M.D.

Professor of Zoology
Brandon University
Brandon, Manitoba

Sirs:

Martin Gardner’s article “The Imag-
inableness of the Imaginary Numbers”
[“Mathematical Games,” SCIENTIFIC
AMERICAN, August] is most interesting,
but I suggest a further simplification.
The following application of plane ge-
ometry removes much of the mystery of
imaginary numbers.

Consider the right triangle ABC, with
BD perpendicular to AC [see upper illus-
tration below]. A proposition in geome-
try states that c is the geometric mean of
a and b, that is, ¢ equals v/@b. This is
provable from the similar triangles 4BD
and BCD wherein c¢/a equals b/c¢ and
hence ¢ equals V' ab.

Construct a right triangle [see lower
illustration below] with D at the origin in
conventional X,Y coordinates, with b
equal to +1 and a equal to —1. The
altitude of this triangle will then be the
geometric mean of +1 and — 1, namely
the square root of — 1. Hence it follows
that imaginary numbers inherently plot
at right angles to the X axis, on or paral-
lel to the conventional Y axis.

WARREN A. SPOFFORD

Tyler, Tex.

1 0 +1

The mystery of imaginary numbers simplified



You're standing in an open field. Suddenly
there’s music from all directions. Your bones
resonate as if you're listening to beautiful
stereo music infront of a powerful home stereo
system.

But there’s no radio in sight and nobody else
hears what you do. It's an unbelievable
experience that will send chills through your
body when you first hear it.

AROUND YOU

And nobody will know you're listening to a
stereo. The entire sound system is actually
draped around you like a scarf and can be
hidden under a jacket or worn over clothes.

The Bone Fone is actually an AM/FM stereo
multiplex radio with its speakers located near
your ears. When you tune in a stereo station,
you get the same stereo separation you'd
expect from earphones but without the bulk
and inconvenience. And you also get some-
thing you won’t expect.

INNER EAR BONES

The sound will also resonate through your
bones—all the way to the sensitive bones of
your inner ear. It's like feeling the vibrations of
a powerful stereo system or sitting in the first
row listening to a symphony orchestra—it's
breathtaking.

Now you can listen to beautiful stereo music
everywhere—not just in your living room.
Imagine walking your dog to beautiful stereo
music or roller skating to a strong disco beat.

You can ride a bicycle or motorcycle, jog
and even do headstands—the Bone Fone
stays on no matter what the activity. The Bone
Fone stereo brings beautiful music and con-
venience to every indoor and outdoor activity
without disturbing those around you and with-
out anything covering your ear.

SKI INVENTION

The Bone Fone was invented by an
engineer who liked to ski. Every time he took a
long lift ride, he noticed other skiers carrying
transistor radios and cassette players and
wondered if there was a better way to keep
your hands free and listen to stereo music.

So he invented the Bone Fone stereo. When
he put it around his neck, he couldn’t believe
his ears. He was not only hearing the music

and stereo separation, but the sound was
resonating through his bones giving him the
sensation of standing in front of a powerful
stereo system.

AWARDED PATENT

The inventor took his invention to a friend
who also tried it on. His friend couldn’t believe
what he heard and at first thought someone
was playing a trick on him.

The inventor was awarded a patent for his
idea and brought it to JS&A. We took the idea
and our engineers produced a very sensitive
yet powerful AM/FM multiplex radio called the
Bone Fone.

The entire battery-powered system is self-
contained and uses four integrated circuits
and two ceramic filters for high station select-
ivity. The Bone Fone weighs only 15 ounces,
so when worn over your shoulders, the weight
is not even a factor.

BUILT TO TAKE IT

The Bone Fone was built to take abuse. The
large 70 millimeter speakers are protected in
flexible water and crush resistant cases. The
case that houses the radio itself is made of
rugged ABS plastic with a special reinforce-
ment system. We knew that the Bone Fone
stereo may take a great deal of abuse so we
designed it with the quality needed to with-
stand the worst treatment.

The Bone Fone stereo is covered with a
sleeve made of Lycra Spandex—the same
material used to make expensive swim suits,
so it’s easily washable. You simply remove the
sleeve, dip it in soapy water, rinse and let the
sleeve dry. It's just that easy. The entire
system is also protected against damage from
moisture and sweat making it ideal for jogging
or bicycling.

The sleeve comes in brilliant Bone Fone
blue—a color designed especially for the
system. An optional set of four sleeves in
orange, red, green and black is also available
for $10. You can design your own sleeve using
the pattern supplied free with the optional kit.

YOUR OWN SPACE
Several people could be in a car, each tuned
to his own program or bring the Bone Fone to a
ball game for the play by play. Cyclists,

© 1979 SCIENTIFIC AMERICAN, INC

STEREO BREAKTHROUGH

Bone
Fone

A new concept in sound technology
may revolutionize the way we
listen to stereo music.

The Bone Fone surrounds your entire body
with a sound almost impossible to imagine.

joggers, roller skaters, sports fans, golfers,
housewives, executives—everybody can find
a use for the Bone Fone. It's the perfect gift.

Why not order one on our free trial program
and let your entire family try it out? Use it
outdoors, while you drive, at ball games or
while you golf, jog or walk the dog. But most
important—compare the Bone Fone with your
expensive home stereo system. Only then will
you fully appreciate the major breakthrough
this product represents.

GET ONE SOON

To order your Bone Fone, simply send your
check or money order for $69.95 plus $2.50
postage and handling to the address shown
below. (lllinois residents add 5% sales tax.)
Credit card buyers may call our toll-free
number below. Add $10 if you wish to also
receive the accessory pack of four additional
sleeves.

We’'ll send you the entire Bone Fone stereo
complete with four AA cell batteries, instruc-
tions, and 90-day limited warranty including
our prompt service-by-mail address.

When you receive your unit, use it for two
weeks. Take it with you to work, or wear it in
your car. Take walks with it, ride your bicycle or
roller skate with it. Let your friends try it out. If
after our two-week free trial, you do not feel
that the Bone Fone is the incredible stereo
experience we've described, return it for a
prompt and courteous refund, including your
$2.50 postage. and handling. You can't lose
and you'll be the first to discover the greatest
new space-age audio product of the year.

Discover the freedom, enjoyment, and
quality of the first major breakthrough in
portable entertainment since the transistor
radio. Order a Bone Fone stereo at no
obligation, today. *Pending FCC approva

o PRODUCTS
O THAT
o WTHINK

Dept. SA One JS&A Plaza
Northbrook, lll. 60062 (312) 564-7000
Call TOLL-FREE ........ 800 323-6400
Inlllincis Call .......... (312) 564-7000

©JS&A Group, Inc.,1979
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50 AND 100
YEARS AGO

SCIENTIFIC
AMERICAN

NOVEMBER, 1929: “President Hoo-
ver, with characteristic directness and
honesty, has demanded, and Congress is
about to begin, an investigation into the
activities of W. B. Shearer at the naval-
limitation conference in Geneva. Shear-
er maintains he was employed by large
American shipbuilders as a ‘big navy’
propagandist. The shipbuilders say he
was employed as an ‘observer.” Whatev-
er the outcome of the investigation, it is
obvious that much propagandizing was
going on, and it is just as certain that it is
still going on. It is hoped that the investi-
gation not only will put to rout the lob-
byists but also will indicate to Great
Britain our desire to lay all our cards on
the table. It is reported that Prime Min-
ister MacDonald contemplates a trip to
this country to talk over the matter with
Mr. Hoover, but whether or not he
comes he has already shown the willing-
ness of the Labor government to meet us
halfway in drawing up a naval-limita-
tions agreement.”

“The age we live in is the age of me-
chanical energy, but how long will the
stores of energy last? We derive nearly
all our energy from coal. Only a fraction
comes or can come from water power,
for there is not nearly enough water
power in all the world to turn the wheels
of industry. There is enough coal to last
us for about 1,000 years at the present
rate of consumption, and although no-
body living need worry about the future
source of energy when the coal is gone,
the question is as fascinating to scientific
people as any question one could raise.
There is a special fascination in the
problem of the earth’s internal energy.
Practical recovery of such power is al-
ready taking place in at least two locali-
ties, chief of which are Sonoma County
in California and Tuscany in Italy. The
California steam wells have not yet been
exploited commercially but the Italian
wells have. The natural steam of the
Italian thermal region is employed to
generate about 10,000 horsepower of
electricity, which is transmitted to Flor-
ence and other cities over the power-line
network of northern Italy.”

“If 10 economists were asked to give
the cause of the great bull market in
securities that has raged almost unabat-
ed for the past five years, we would no
doubt obtain various answers. The lay-
man would be quick to say that it was

12

due to prosperity. That would be a true
but superficial answer. Any theory ad-
vanced, if at all scholarly, would have to
include an analysis of the influence of
research and invention upon the trend of
security prices. The busy tickers of Wall
Street today reflect not only good man-
agement and good prospects but also the
possibilities of new products from re-
search laboratories. The modern inves-
tor, if he is discreet and cautious in the
purchase of securities, not only scruti-
nizes the board of directors but also ex-
tends his investigation to the research
department of the corporation whose
securities he anticipates buying. Today
the Steinmetzes and the De Forests are
as important in the management of cor-
porate affairs as the Raskobs, the Du
Ponts and the Fishers. The real wealth
of the modern corporation and the po-
tentialities for enhancing its earnings are
created in the laboratory.”

“A great deal of water has flowed un-
der the Eads bridge since January 16,
1920, and a great deal of the money of
Anheuser-Busch was dammed up at the
source when the Eighteenth Amend-
ment went into effect. The St. Louis
showplace is a most conspicuous exam-
ple of an industrial ‘comeback’ after an
unforeseen disaster. Since prohibition
this brewery concern, like the lesser
ones, has found it rather hard sledding
to keep the big establishment going.
They went into a number of ventures
that were flat failures, but now daylight
shines, after a long night, on corn syr-
up, nonalcoholic cereal beverages, malt
food tonic, glucose, ginger ale and par-
ticularly baker’s yeast.”

NOVEMBER, 1879: “The question
of the transmission of power by means
of electricity is not entirely a new one.
Recently, however, new and important
results have been attained. MM. Chré-
tien and Félix, two well-known French
engineers, have used a combination of
Gramme electric machines for unload-
ing beet boats and loading wagons at the
sugar works of Sermaize, in Marne. The
governing Gramme machine occupies a
fixed position in the sugar works and is
actuated by a steam engine. The elec-
tricity thereby developed is led by con-
ducting wires to another Gramme ma-
chine, which by means of a belt is made
to turn a large wheel that carries an end-
less chain of buckets. The chain runs
down into the boat, where six workmen
load the buckets with the beets that are
to be hoisted to the wagons. The use of
this apparatus is found to effect a sav-
ing of about 40 per cent over manual
labor. It is urged in favor of such ap-
paratus that by its means much water
power now neglected may be turned to
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profitable advantage in actuating the
machines for producing and transmit-
ting the electricity.”

“In a recent lecture before the Lowell
Institute, Professor John Trowbridge of
Harvard University observed that phys-
ics is a term recently substituted for nat-
ural philosophy as being more compre-
hensive. He then spoke of the laws of
physics and said that definite thinking on
one subject leads naturally to definite
thinking on another. The philosophy of
physics enters upon all subjects. It is the
investigation of the physical laws of the
universe and is the result of the inves-
tigation of the truth by means of evi-
dence. Conclusions are reached by proc-
esses of induction and deduction. The
more nearly science approaches a de-
ductive form, the more perfect it be-
comes. According to Professor Trow-
bridge, by the possession of good means
of deduction a man might be saved half
a lifetime spent in experimenting.”

“The first of the great cotton mills of
Lowell, Mass., commenced operations
in 1823. Today, as a result of the great
changes in machinery, from 60 to 64 per
cent less labor is required for a given
amount of product than was required in
1860. Three-fourths of all the labor in
the mills today is done by women, and
every year the work is more and more
coming into their hands. In 1860 female
operatives, working 11 hours a day (66
hours a week), received $3.26, whereas
last year the female operatives, working
10 hours a day (60 hours a week), re-
ceived $4.34. Today the operatives are
mostly all foreigners, some English and
French, but mainly Irish.”

“The coming of an English gentle-
man, with a craze against vaccination as
a preventive of smallpox, has been made
the occasion of an attempt to stir up
opposition to the practices of our Amer-
ican physicians and boards of health in
this connection. By parading a porten-
tous array of figures to show that vacci-
nation does not prevent smallpox and
does entail a vast amount of disease
through blood contamination, not a
little feeling is aroused, particularly
among the ignorant. The anti-vaccina-
tion spirit prevailing in English and oth-
er European circles, embracing no in-
considerable body of the more intelli-
gent classes, is urged as a reasonable
ground for similar opposition here. In
view of the fact that by the general
adoption of correct vaccination small-
pox, until recently one of the worst of
human scourges, has been so thoroughly
brought under subjection in New York
that with 1,100,000 inhabitants there
were last year but 14 cases of the dis-
ease, it is manifestly as unwise as it is
absurd for our newspapers to lend them-
selves to propagation of the anti-vacci-
nation nonsense.”
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Hardly your everyday liqueur.

Some things in life are too precious for every.day. Lochan Qra is one. An imported golden liqueur
with a unique taste all its own, it’s to be lingered over—sipped slowly, savored fully.
You'll be proud to share it —but not with just anybody.

Lochan Ora. Imported Liqueur.

70 PROOF = IMPORTED BY GENERAL WINE & SPIRITSCO MY N Y
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T s Actually based onfuel costs com-
pared to direct dial weekday calls.
We'll expedt to hear from the phone
company about this ad. The

question is, will they call us?
Or will they drive up in a
Rabbit Diesel and try to save

some money?

}. A Rabbit Diesel is so inexpensive to
drive, it can take you from Boston o
THAN YOUR TELEPHONE. 2=l e

10-minute phone call, on the other
© 1979 SCIENTIFIC AMERICAN, INC

®m hand, will set you back about $3.09.



There are literally thousands of other
examples, too.

Like Phoenix to Tucson: $2.95 in a
Rabbit Diesel, $3.16 for the phone calll.

Or Columbus to Cincinnati: $2.70 in a
Rabbit Diesel, $2.81 for the phone calll.

Aside from beating a telephone, a
Rabbit Diesel also beats any other car

you can buy. According to the 1980 EPA
Guide, it gefs the highest mileage in
America: an incredible estimated
MPG and 52 MPG highway. (Use the
“estimated MPG” for comparisons.

Actual mileage varies with

speed, weather and frip length. WWME“
And your highway mileage will

probably be less.)

No wonder the editors of Motor Trend
Magazine said: “The Rabbit Diesel is a
flat amazing car. It does many things
so well, you're inclined to think that
all autos should be built this way.”

Why not call your Volkswagen
deaqler to amange a test drive? It could
be the last phone call you ever need
to make.
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What kind of man
owns his own computer?

Rather revolutionary, the whole idea of owning your on your desk —is a computer that answers only to you...
own computer? Not if youre a diplomat, printer, scientist, Apple Computer. It’s less expensive than timesharing.
inventor. . . or a kite designer, too. Today there’s Apple - More dependable than distributed processing.
Computer. It’s designed to be a personal computer. To % Far more flexible than centralized EDP. And,
uncomplicate your life. And make you more effective. J ?’. at less than $2500 (as shown), downright

It’s a wise man who owns an Apple. Q“(b S AT
If your time means money, Apple can help you O 7 0\~ Visit your local computer store.
make more of it. In an age of specialists, the most o ) - o You can join the personal computer
successful specialists stay away from uncreative \ =T s revolution by visiting the Apple dealer in
drudgery. That’s where Apple comes in. : your neighborhood. We'll give you his name
Apple is a real computer, right to the core. So just like — e\ when you call our toll free number
big computers, it manages data, crunches numbers, keeps = (800) 538-9696. In California,
records, processes your information and prints reports. You (800) 662-9238.
concentrate on what you do best. And let Apple do the rest. Apple Computer, 10260
Apple makes that easy with three programming languages—  Bandley Drive,
including Pascal—that let you be your own software expert. Cupertino,

Apple, the computer worth not waiting for, ~ “A %01

Time waiting for access to your company’s big main-
frame is time wasted. What you need in your department —
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THE AUTHORS

BERNARD T. FELD and KOSTA
TSIPIS (“Land-based Intercontinental
Ballistic Missiles”) are physicists at the
Massachusetts Institute of Technology
who share a strong interest in the techni-
cal aspects of arms control. Feld is head
of the Division of Nuclear and High-En-
ergy Physics at M.L.T. and editor-in-
chief of The Bulletin of the Atomic Scien-
tists. Born in Brooklyn, he entered the
College of the City of New York at age
15 and went on to do graduate work at
Columbia University. He suspended his
graduate studies temporarily to work
under Leo Szilard and Enrico Fermi
toward the first nuclear chain reaction.
From 1942 to 1944 he was a group lead-
er in the “Metallurgical Laboratory” at
the University of Chicago, where the
chain reaction was achieved. The fol-
lowing year he received his Ph.D. from
Columbia. Feld joined the M.LT. facul-
ty in 1945 and was made full professor
in 1957. In addition to his work in atom-
ic and nuclear physics he has been in-
volved in many studies of arms control
and disarmament. Tsipis is associate di-
rector of the Program in Science and
Technology for International Security
in the M.L.T. department of physics. He
did his undergraduate work at Rutgers
University and went on to obtain his
Ph.D. in high-energy physics from Co-
lumbia in 1966, joining the M.L.T. facul-
ty that year. In 1973 Tsipis became a re-
searcher at the Stockholm International
Peace Research Institute (SIPRI) and a
fellow of the M.L.T. Center for Interna-
tional Studies.

ABNER LOUIS NOTKINS (“The
Causes of Diabetes”) is chief of the Lab-
oratory of Oral Medicine at the Nation-
al Institute of Dental Research. He did
his undergraduate work at Yale College,
received his M.D. from the New York
University School of Medicine in 1958
and did his internship and residency in
internal medicine at the Johns Hopkins
Hospital. On completing his medical
training he joined the National Institutes
of Health as a research associate at the
National Cancer Institute. He moved to
the Institute of Dental Researchin 1973.
Notkins’ research has focused on the im-
munological processes involved in per-
sistent and recurrent viral infections and
more recently on the factors controlling
the latency of the herpes simplex virus
and the role of viruses in causing diabe-
tes mellitus.

L. McDONALD SCHETKY
(“Shape-Memory Alloys”) is technical
director for metallurgy of the Inter-
national Copper Research Association
in New York. He was educated at the
Rensselaer Polytechnic Institute, where
he obtained his bachelor’s degree in

chemical engineering, his master’s in
metallurgical engineering and his Ph.D.
in physical metallurgy. From 1953 to
1956 he was on the research staff of the
Massachusetts Institute of Technology
and served as director of materials re-
search at the M.LT. Instrumentation
Laboratory. In 1956 he founded the Al-
loyd Corporation, a research and manu-
facturing company specializing in mate-
rials research. In his spare time Schetky
operates a vineyard in Rhode Island that
should produce its first vintage this year.

MOTOO KIMURA (“The Neutral
Theory of Molecular Evolution”) is
chairman of the department of popula-
tion genetics at the National Institute of
Genetics in Japan. He did his under-
graduate work in botany at Kyoto Uni-
versity, and in 1949 he joined the re-
search staff of the newly founded Insti-
tute of Genetics. In 1953 he came to the
U.S. as a graduate student, first at [owa
State College and then at the Universi-
ty of Wisconsin, where he received his
Ph.D. in 1956 in the laboratory of James
F. Crow. He then returned to Japan to
continue his research at the Institute of
Genetics. In 1976 Kimura was awarded
the Order of Culture by the Emperor,
the highest cultural recognition in Ja-
pan. In his spare time Kimura breeds
Paphiopedilum orchids.

DAVID L. MEIER and RASHID A.
SUNY AEV (“Primeval Galaxies”) are
respectively American and Russian as-
tronomers. Meier is a postdoctoral fel-
low in theoretical astrophysics at the
California Institute of Technology. He
obtained his bachelor’s and master’s de-
grees in physics at the University of Mis-
souri at Rolla and his master’s and
Ph.D. degrees in astronomy from the
University of Texas at Austin, the last
in 1977. Meier recently completed a
NATO Postdoctoral Fellowship at the
Institute of Astronomy of the Universi-
ty of Cambridge. Sunyaev is head of
the Elementary Processes in Astrophys-
ics group at the Institute for Cosmic Re-
search in Moscow. He was graduated
from the Moscow Physical Technical
Institute in 1966, received his Ph.D. in
1968 and was awarded the title of Doc-
tor of Science in 1973, all in astrophys-
ics. Sunyaev has done work in cosmol-
ogy, X-ray astrophysics and plasma
physics. Meier and Sunyaev have never
met but were introduced by Beatrice M.
Tinsley of Yale University through cor-
respondence. They worked first with
her on a scientific paper and then to-
gether on the present article, communi-
cating only by mail and telephone.

BERND HEINRICH and GEORGE
A. BARTHOLOMEW (“The Ecology
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Introducing the most
advanced watch in
the world

CENTURION DUAL
TIME QUARTZ
CHRONOGRAPH ALARM

PRICE BREAKTHROUGH E;a,(
ONLY S TN
S~ . AN

49.%

e 2time
zones gives
local time
plus the time
anywhere else
in the world

e Chronograph/
stopwatch allows
1,000’s of timing

needs

e Alarm can be set to
beep at any hour of the
day or night

o Quartz crystal allows =
15 seconds per month accuracy

+ LCD ‘“always visible’’ digital display
allows easy readability

FINALLY A WATCH THAT LOOKS LIKE A
SEIKO BUT COSTS MUCH LESS!

The Centurion dual time chronograph alarm is the most
advanced watch available today. And at only $49.95, it is
unquestionably excellent value. We are able to make this offer
to you because of the tens of thousands of Centurions
that we're selling by mail and because we've eliminated all
middle men. We sell factory direct to you. Furthermore, you
can'tlose with our thirty day free trial, so order your Centurion
today' Only $49.95 in silver tone and $59.95 in elegant
gold tone. Included are batteries and the manufacturer’s one
year parts and labor warranty. Servicing is accomplished by
aproven and experienced worldwide service-by-mail-facility

OUTSTANDING FEATURES

* DUAL TIME. Local time always visible and you can set and
recall any other time zone (such as GMT). Also has a light
for night viewing.

o CALENDAR FUNCTIONS include the date and day in each
time zone.

* CHRONOGRAPH/STOPWATCH displays up to 12 hours, 59
minutes, and 59.9 seconds.

e On command, stopwatch display freezes to show inter-
mediate (split/lap) time while stopwatch continues to run
Can also switch to and from timekeeping and stopwatch
modes without affecting either’s operation.

o ALARM can be set toanytimewithin a 24 hour period. At the
designated time, a pleasant, but effective buzzer sounds to
remind or awaken you!

Why Shop By Mail?

Shopping by mail 1s convenient. easy.and fun. We ship all
orders promptly to your home or office. You can charge your
order to any major credit card. Most of our products are
not available at your local store. And if that isn't enough.
you have a 30 day no risk money back guarantee:

Try any one of our products for 30 full days and if you are

not happy with the performance, features, or for any

reason wish to return a product, we will refund your full
purchase price!”

CREDIT CARD BUYERS: TO ORDER CALL TOLL FREE
24 HOURS A DAY
To order in California call toll free (800) 432-7451

£ (800) 854-3831

DWS marketing international, Dept. R1, 350-A Fischer Av-
enue, Costa Mesa, California 92626 (714) 540-4444
Call our toli-free number for quickest service or send your check, Money
Order, or credit card info to us. Please allow ample time for checks to
clear. We accept Am. Ex., Carte Blanche, Diner's Club and all major credit
cards. Add $2.50 for insured postage & handling for first product & $1.00
for each additional product. Calif. addresses add 6% sales tax
©DWS marketing international 1979
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IT GLIDES
OVER THE PALATE
WITH NARY A RIPPLE.

\UTLTY SAR

LABE & T CLIFFIR P Digiom
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SCOTS WHISKY
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ifyo purchased this coin
for 201N 1948, it would be
worth slz,ooo today.

True, this Silver Dollar is in a class by itself, but many others have grown a
hundred fold and more. Since 1971, a representative selection of U.S. rare
coins increased by 30% a year. Outperforming savings, stocks, bonds; even
real estate. KEOGH and IRA plans using Rare Coins are approved by the
IRS. That’s why more investors are turning to us for help. We've been giving
our customers rare coins at fair prices for over 30 years. Invest $50 a month,
or $50,000 in a day; we’ll give you the advice you need.

For more detailed information about our various investment programs,
write Rare Coins, Dept.PC-19, Littleton, New Hampshire, 03561.

Name
Address
City

pPC 19

State

Littleton Rare Coins

Zip
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of the African Dung Beetle”) study the
behavior, physiology and ecology of
insects. Heinrich is professor of ento-
mology at the University of California
at Berkeley. He did his undergraduate
work in zoology at the University of
Maine and obtained his Ph.D. from the
University of California at Los Angeles
in 1970, working in Bartholomew’s lab-
oratory. His work has focused on insect
thermoregulation and energetics and the
role of physiology and behavior in pro-
viding insights into the mechanisms of
ecology and evolution. Heinrich recent-
ly published a book titled Bumblebee
Economics (Harvard University Press).
Bartholomew is professor of zoology at
U.C.L.A. He received his bachelor’s and
master’s degrees at Berkeley and his
Ph.D. from Harvard University in 1947
He has been at U.C.L.A. ever since.

BERNARD DESPAGNAT (“The
Quantum Theory and Reality”) is pro-
fessor of physics at the University of
Paris and director of the Laboratory
of Theoretical Physics and Elementary
Particles at Orsay. The son of Georges
d’Espagnat, a postimpressionist painter,
he was educated at the Ecole Polytech-
nique and at the Sorbonne, where he ob-
tained his doctorate in physical sciences
in 1950. He then worked for a year as a
research assistant under Enrico Fermi at
the University of Chicago, and in 1953
he received a fellowship at the Niels
Bohr Institute in Copenhagen. The fol-
lowing year he was invited by Felix
Bloch, who was then director of the
European Organization for Nuclear
Research (CERN), to create in Gene-
va the nucleus of what was to become
the theoretical division of the organiza-
tion. There he investigated the theory of
strange particles and contributed to the
method of applying group theory to the
study of such objects. He joined the fac-
ulty of the Sorbonne in 1969. D’Espa-
gnat has written three books on the con-
ceptual foundations of quantum me-
chanics. The latest, titled 4 la recherche
du réel (In Search of Reality) is soon to be
published in French.

P. W. DIXON (“A Neolithic and Iron
Age Site on a Hilltop in Southern En-
gland”) is lecturer in medieval archaeol-
ogy at the University of Nottingham
and honorary curator of the University
Museum. He studied classics at New
College, Oxford, and went on to receive
his Ph.D. in archaeology with a thesis on

| late-medieval fortified houses and socie-

ty in northern England and Scotland. He
has directed the excavations described
in his article since their beginning in
1969 and has also participated in exca-
vations at the Tudor palaces of Green-
wich and Richmond and at several
medieval houses. His other interests in-
clude playing traditional English musi-
cal instruments, particularly the North-
umbrian pipes.



With scores of electronic games on the market. selecting the one for
you shouldn’t become a guessing game. Choosing the best game can
be easier when you know more about us.

We're Chafitz, the company that has become the leader
in developing games that do more than buzz, sing or blink
lights at you. Our games are designed to think and play as
if they were human. Boris, our chess computer, has
already become the standard throughout the world. Our
new chess computer game, Sargon 2.5, is so powerful that
it defeated a 5 million dollar chess computing Goliath.

Chafitz's games are designed to provide challenge and
excitement for all skill levels, beginners as well as Masters.
Some of our games even talk to their human opponent with
messages that advise you of a blunder or caution you of
impending defeat.

Chafitz is committed to producing the most advanced
games possible and that is why we're constantly pioneering
new programming breakthroughs.

A program developed for our backgammon game, Aris-
totle, was pitted against the current world backgammon
champion. Aristotle clearly demonstrated to the world that
Chafitz is Number One in computer games by defeating
the champion 7 to | in a 7 point match. This is the first time
ever that a world champion was defeated by a computer.

When you're ready to buy an electronic game, remem- MoDULAR GAME SYSTEM. An exciusve Chafitr conoept
ber our name, Chafitz. We're the people who make the damed ko never beome o e it

t think. Modkiles will soon be available for & varety of board games. Com:
gamestha pact, battery operated and portable.

BORIS DIPLOMAT. The world's finst battery operated portable chees computer. ARISTOTLE. This is the most powerful computer game ever developed for con-
Desigried for all levels of play. It s compact enouah io slip into a brislcase. sumer use. mummwmmmwﬂmm

SEE THESE CHESS AND BACEGAMMON GAMES al major relallers and spacialty
shops wotldwide. For further information and the name ol the siore near you, call or
write. Chafitz, Inc., Dept. 778, 856 Rockville Pike, Rockville, Md. 20852. (301)
340-0200. In Canada call (416) 683-4555
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MATHEMATICAL
GAMES

The random number omega bids fair

to hold the mysteries of the universe

by Martin Gardner

fascinating unpublished paper ti-

tled “On Random and Hard-
to-Describe Numbers” has been

sent to this department by Charles H.
Bennett, a mathematical physicist at the
Thomas J. Watson Research Center of
the International Business Machines
Corporation. It begins by recalling cer-
tain paradoxes involving integers, in
particular a paradox that seems to stand
in the way of calling any specific integer
a random one. The resolution of the
paradox makes randomness a property
that most integers have but cannot be
proved to have, a subject that was treat-
ed in these pages by Gregory J. Chaitin,
also of the Watson Research Center
[see “Randomness and Mathematical
Proof,” by Gregory J. Chaitin; SCIEN-
TIFIC AMERICAN, May, 1975]. Bennett
goes on to consider the senses in which
irrational numbers such as pi can be
said to be random. And he discusses at
length the irrational number Q, recently
discovered by Chaitin, which is so ran-
dom that in the long run no gambling
scheme for placing bets on its successive
digits could do better than break even.

The number Q has other unusual
properties. To begin with, it can be de-
fined precisely but it cannot be comput-
ed. Most remarkable, if the first few
thousand digits of the number were
known, they would, at least in principle,
provide a way to answer most of the
interesting open questions in mathemat-
ics, in particular those propositions that
if false could be refuted in a finite num-
ber of steps. The following discussion of
these issues is taken from Bennett’s pa-
per, which begins with a simple variant
of Berry’s paradox. Named after G. G.
Berry, the Oxford librarian who discov-
ered it, the paradox was first published
by Bertrand Russell and Alfred North
Whitehead in Principia Mathematica.
Bennett describes it as follows.

“The number ‘one million, one hun-
dred one thousand, one hundred twenty
one’ is unusual in that it is, or appears to
be, the number named by the expres-
sion: ‘The first number not nameable in
under ten words.’ This expression has
only nine words, however, and so there

20

is an inconsistency in regarding it as a
name for 1,101,121 or any other num-
ber. Berry’s paradox shows that the con-
cept of nameability is inherently ambig-
uous and too powerful to be used with-
out restriction. In a note in The American
Mathematical Monthly [Vol. 52, No. 4,
page 211; April, 1945] Edwin F. Beck-
enbach pointed out that a similar para-
dox arises when one attempts to classify
numbers as either interesting or dull:
There can be no dull numbers, because
if there were, the first of them would be
interesting on account of its dullness.

“Berry’s paradox can be avoided and
even tamed, however, if the definition of
nameability is restricted, that is, if an
integer is considered to be named when
it has been calculated as the output of
a computer program. To standardize
the notion of computation in this def-
inition a simple idealized computer
known as a universal Turing machine is
introduced. [For a discussion of Turing
machines see this department for June,
1971.] This machine will accept a pro-
gram in the form of a sequence of 0’s
and 1’s on an input tape and write the
results of its computation, again in the
form of a sequence of binary digits, on
an output tape at the end of the compu-
tation. A third tape is used during the
computation to store intermediate re-
sults. (The use of separate tapes for in-
put, output and memory is a conceptual
convenience rather than a necessity; in
the earliest Turing machines the same
tape served all three purposes.) As is
well known, a universal Turing machine
can do anything the most powerful digi-
tal computer can do, although consid-
erably slower. More generally, it can
perform even the most complicated ma-
nipulation of numerical or symbolic in-
formation as long as the manipulation
can be expressed as a finite sequence of
simple steps in which each step follows
from the preceding one in a purely me-
chanical manner without the interven-
tion of judgment or chance.

“An integer x can now be named by
specifying a binary sequence p that,
when it is given to the Turing machine as
input, causes the machine to calculate x

© 1979 SCIENTIFIC AMERICAN, INC

as its sole output and then halt. There
can be no doubt that the program p does
indeed describe x. Hence the universal
Turing machine provides an unambig-
uous but flexible language in which a
number can be described according to
any of the ways it might be effectively
calculated. (For example, the number
523 might be described as the 99th
prime number, as (13 X 41) — 10 or,
more directly, as the binary sequence
1000001011.) Every integer is nameable
in this language, because even an inte-
ger with no distinguishing properties
can always be described by simply giv-
ing its binary sequence.

“Returning to the question of interest-
ing and dull numbers, an interesting
number can now be defined, without
paradox, as one computable by a pro-
gram with considerably fewer bits, or
binary digits, than the number itself.
This short description would reflect
some special feature by which the num-
ber could be distinguished from the gen-
eral run of numbers. By this definition,
then, 265,53 + 1, the first million digits
of pi and (17!)! are interesting numbers.
[The exclamation point is the factorial
sign: n! equals 1 X2 X 3 X ...n] Con-
versely, a dull, or random, number is
one that cannot be significantly com-
pressed, that is, one whose shortest de-
scription has about as many bits as the
number itself. This algorithmic defini-
tion of randomness as incompressibil-
ity, which is reviewed in the article
by Chaitin mentioned above, was devel-
oped in the 1960’s by several mathema-
ticians, including Ray J. Solomonoff
and Chaitin in the U.S. and A. N. Kol-
mogorov in the U.S.S.R. Just as most in-
tegers are random according to the intu-
itive meaning of the word, most integers
are incompressible or nearly so, because
there are far too few short programs to
go around. In other words, even if no
programs were wasted (say by comput-
ing the same result as other programs),
only a small fraction of the n-bit inte-
gers could be provided with programs
even a few bits shorter than themselves.

“Using this definition of randomness,
Chaitin demonstrated the surprising
fact that although most integers are ran-
dom, only finitely many of them can be
proved random within a given consis-
tent axiomatic system. A form of Go-
del’s famous incompleteness theorem,
this result implies in particular that in a
system whose axioms and rules of infer-
ence can be described in »n bits it is not
possible to prove the randomness of any
integer much longer than n bits. Chai-
tin’s proof of this assertion makes use of
a computerized version of the Berry
paradox: Suppose in a proof system de-
scribable in a small number of bits the
randomness of some integer with a large
number of bits can be proved. One could
then design a small Turing-machine
program based on the proof system that
would yield the large random integer as
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SO DISTINCTIVE OF LINE, SO ADVANCED IN TECHNOLOGY.

ﬁ Here from Cadillac is one of the most advanced
production automobiles ever built anywhere. And

with its daring styling, one of the most distinctive.
As the first American car with a Diesel engine as standard,
Seville for the 80's blends the classic beauty of yesterday with

the technology of tomorrow. Aimost every feature you migh
desire in a world-class automobile is standard. From front
wheel drive for traction and increased roominess to foul
wheel independent suspension. From four-wheel disc brakes
to electronic level control.
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FOR THE 805

FIRST AMERICAN CAR WITH DIESEL AS STANDARD

Seville Elegante in Sable Black and Sheffield Gray Firemist

> ol
IT SETS A NEW AMERICAN STANDARD FOR THE WORLD

Result: Seville for the 80's has considerably more roominess

diagnostics to helpsimplifyservicing. In California: EFl gas V8

thanits predecessor. And considerably more usable trunkspace. is available ... Diesel engine not available at time of printing.

Only Seville offers this unprecedented choice in engines: a Sevilles are equipped with GM-built engines produced by

standard 5.7 liter Diesel V8 or Cadillac’s gas engine with new various divisions. See your Cadillac dealer for details. And to
Digital Electronic Fuel Injection and on-board computer buy or lease a new American standard for the world.

© 1979 SCIENTIFIC AMERICAN, INC




Inroducing:

French Fries

. water as the heattransfer
liquid, yet still provides
the high efficiency the
~ process must have.
What we came up with
Y is a solar steam-genera-
ting system that’s both
efficient and safe for
food processing.
Everybody always
knew the sun could
make the sidewalks hot
enough to fry eggs on.
Now it’s french frying
potatoes — by the ton!

American fingers pop
some 260,000 pounds
of frozen french fries
- into American mouths
- _every day.
Before theyre =8
. frozen, all those S
fries have to
be cooked
. in boiling
- oil.

A\
.\

L%

Keeping™®
that oil hot
uses a lot
of energy,so
a company
called TRW
and the Depart-
ment of Energy
decided to put the
sun to work —french
frying potatoes at a
potato processing plant
in Oregon.

Now with the help of a
TRW-designed solar energy
system, this plant is cooking

daho Potatoes.
Oregon
Sunshine
And A TRW
System.

Perched on the
roof of the plant
are solar collectors.

up the country’s first solar Their job is to soak
french fries.

up enough Oregon
sunshine to generate §
425°F of industrial
steam —which is
what it takes to heat
the 900 gallons of
cooking oil needed

to fry 20,000 pounds of A COMPANY CALLED

potatoes every hour.
TRW engineers had to
design a system that uses
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output. If the large integer were truly
random, however, it could not be the
output of any small program, and so a
contradiction has been reached.

“More precisely, the Turing-machine
program would incorporate a fixed su-
pervisory routine, or subprogram, with
a length of, say, ¢ bits. This routine
would utilize the » bits of axioms and
rules of inference to begin systematical-
ly generating all possible proofs that
could be derived from the axioms in or-
der of increasing number of deductive
steps: first all one-step proofs, then all
two-step proofs and so on. After each
proof was generated the routine would
check to see if it was a proof that some
integer of considerably more than n + ¢
bits is random. If such a proof were
found, the supervisory routine would
print out the large random integer speci-
fied in the proof and then call a halt to
the entire computation. The total length
of the Turing-machine program (the su-
pervisory routine plus the axioms and
the rules of inference) would be n + ¢
bits, however. In other words, a pro-
gram n + ¢ bits long would have gener-
ated as its output a specific integer that
by the algorithmic definition of random-
ness could not be produced by any pro-
gram as small as n + ¢ bits. The only
escape from this contradiction is to con-
clude either that the axiomatic system is
inconsistent (that is, untrue statements
can be proved within it) or that the sys-
tematic generation of proofs must con-
tinue indefinitely, without uncovering a
proof of randomness for any integer
much larger than n + ¢ bits. The original
Berry paradox appeared as a nuisance,
casting doubt on the seemingly mean-

ingful notion of a random integer. The
computerized Berry paradox surrounds
this notion with a necessary hedge of
unprovability, allowing it to be defined
in a noncontradictory manner.

“Long before the notion of a random
integer was taken seriously Emile Borel,
Richard von Mises and other mathema-
ticians sought to define and find exam-
ples of random real numbers or, equiv-
alently, random infinite sequences of
decimal or binary digits. It has been
conjectured that irrational numbers
such as pi, e and V"2, which occur nat-
urally in mathematics, are random in
the sense that each digit, and indeed
each block of digits of fixed length, ap-
pears with equal frequency in their deci-
mal expansion. Any sequence of digits
with this property is said to be normal.
It is not hard to show that no rational
number is normal no matter what base
it is expressed in, and that almost all the
irrational numbers must be normal in
every base. So far none of the individu-
al classic irrational numbers has been
proved normal, however, although sta-
tistical evidence generally supports the
conjecture that they are.

“On the other hand, it is easy to con-
struct ‘artificial’ irrational numbers that
can be proved normal in spite of the fact
that their digits follow a trivial and
transparent pattern. The most famous
of these numbers was invented by D. G.
Champernowne in the early 1930’s:
0.12345678910111213141516171819-
2021222324.... -This preposterous
number, which consists of the decimal
integers in increasing order, has been
proved not only irrational and normal
(in base 10) but also transcendental.

RUN FIRST PROGRAM ONE STEP;

RUN SECOND PROGRAM ONE STEP;

RUN FIRST PROGRAM ONE MORE STEP;
RUN THIRD PROGRAM ONE STEP;

RUN SECOND PROGRAM ONE MORE STEP;
RUN FIRST PROGRAM ONE MORE STEP;
RUN FOURTH PROGRAM ONE STEP;

Using the first n bits of Q to solve the halting problem for all programs of n bits or fewer
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“The Physlclst’

No. 4,069,808

Hot, even, slow-burning, easy to start,
is how TIME described the simple, elegant
fire designed by research physicist Lawrence
Cranberg. (Science Section, Dec. 22, 1975).

Place logs on the patented Texas Fire-
frame® grate to form a slot-shaped cavity
that faces you. Ignite paper in the cavity.

Eureka! The fire takes hold quickly, burns
evenly, steadily in the cavity. That means
the cavity throws a beam of radiant energy at
you, so the fire is hot but fuel-efficient. Feel
the warmth 10 to 15 feet from the fire.

Texas Fireframe’s height-adjustable arms
give you easy set-up and a new option for
control of the fire. The arms lock by friction.

From The New York Times
(Dec. 29, 1977, p. C4)

*This new Texas Fireframe grate uses a
new principle . . . It is insured that more
BTU’s will be used to heat people in front of
the fire, rather than heating masonry.”

From Scientific American
(August, 1978, pp. 142-146)

“Little of the radiated heat was lost up-
ward to the overhang or the chimney, nearly
all of it must have been coming out into the
room . . . The burning was slower with this
arrangement, and flames were uniform across
the length of the slot (cavity) and required
no rotation or stirring of the logs.”

From Texas Fireframe Mail

“I am especially amazed at how rapidly
the fire catches and disperses without kin-
dling.” J. D. Barrier, Universal City, Tx.

“It is easy to rebuild the fireslot while the
fire is going.” R. D. Keith, Olympia, Wa.

“The greatest thing since the invention of
fire.”” D. D. Walsh, Madison, Ct.

Back to wood? No! Forward with wood
and new technology: The Physicist’s Fire
and The Texas Fireframe® Grate.

Fully assembled, no fasteners, 1"-deep steel bars, all-

welded construction. Model U-25: 25" front width, 21" back

width, 15” high, 15" deep. Model S-25: 25"x21x15x13.

Model U-17: 17"x13x13x13. Model U-33: 33"x29x15x15.
Simple, copyrighted instructions.

Please send U-25Units @ $42.95 (28 Ibs.)
S-25 units @ $42.95 (26 Ibs.)
U-17 units @ $34.95 (20 Ibs.)
U-33 units @ $54.95 (34 Ibs.)

Add 10% for shipping in U.S. Check for $.

enclosed.

Name

Address
City

- State__Zip
TEXAS FIREFRAME CO.
P.O. Box 3435 Austin, Texas 78764
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What sort of people need to learn a for-
eign language as quickly and effectively as
possible? Foreign Service personnel, that's
who Members of Americas diplomatic
corps are assigned to US embassies
abroad. where they must be able to con
verse fluently in every situation

Now, you can learn to speak German just
like these diplomatic personnel do —with
the Foreign Service Institute s Programmed
Introduction to German

The US. Department ol State has spent
tens of thousands of dollars developing this
course Its by far the most effective way to
learn German immediately

The Programmed German Course con-
sists of a series of tape cassettes and an
accompanying textbook. You simply follow
the spoken and written instructions. listen-
iIng and repeating. The course begins en-
tirely in English. But by its end. you'll find
yourself learning and speaking entirely in
German!

This course turns your casselte player
into a “teaching machine. With its unique
“programmed’” learning method. you set
your own pace—testing yourself. correct-
Ing errors, reinforcing accurate responses.

aUDIa-FaRUM

’———————-_———--_—-----\

/

—--------------_—_—-_--—*

Speak German
ik¢ a Diplomat!

L4

The FSI's Programmed German Course
comes intwo volumes You may order one or
both courses

DVqume I, Basic
9 cassettes. 13 hours and a 647-page
text, $115

J volume II. Advanced
8 cassettes. 8: hours and a 333-page
text, $98
(New York State residents add appropri-
ate sales tax)
Your cassettes are shipped to you in hand-
some library binders.

TO ORDER, JUST CLIP THIS AD and mail
with your name and address, and a check or
money order. Or, charge to your credit card
(American Express. VISA, Master Charge.
Diners Club) by enclosing card number. ex-
piration date, and your signature.

The Foreign Service Institute’'s German
course is unconditionally guaranteed. Try it
for three weeks. If you're not convinced it's
the fastest, easiest, most painless way to
learn German, return it and we’ll refund
every penny you paid! Order today!

Audio Forum
Dept.188

145 East 49th St.
New York, N.Y. 10017
(212) 753-1783

——————— —— — — ———— T — ———— — — —— — —

-'““*—;J o ,

Plant a THINK TANK anywhere
and watch the minds grow!

home-office-school-park-club-churches-laboratory

Unique instructional games designed by universily
professors lo make leamning fun through brain-lo-
brain action. Beginning games can be mastered by

young final g will ch intelli-
gent adults. These are the lamous GAMES FOR
THINKERS from WFF 'N PROOF Publishers

WFF 'N PROOF (logic) 13.00°
QUERIES ‘N THEORIES (sci. & lang.) 13.00°
EQUATIONS (mathematics) 10.00*
ON-SETS (set theory) 10.00*
PROPAGANDA (social studies) 11.00*
ON-WORDS (word structures) 10.00°
CONFIGURATIONS (geometry) 6.75°
TRI-NIM (problem solving) 5.75*
REAL NUMBERS (arithmetic) 2.25*
WFF (beginner's logic) 2.25°
QWIK-SANE (topology puzzle) 2.25*
TAC-TICKLE (pure strategy) 1.75°
TEACHERS MANUAL 1.25°
MEDITATION GAME (pure strategy) 2.25°
THINKERS BOOKENDS 16.00°

Complete 13-Kit THINK TANK & Teachers Manual
with Bookends 96.50*
without Bookends 86.50°

*includes postage and handling charges

Order from: WFF ‘N PROOF
1490 WA South Bivd, Ann Arbor, Mi. 48104

Fully guaranteed. Dealer inquiries invited.
Gifts that are a COMPLIMENT to receive!
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ecAnyone for
Tenons? |

If your racket is tenons, doubles or singles, and
you want a perfect match every time, you can
learn from the professionals. They know a
classic way to join two pieces of wood together
is with a tenon that fits into a mortise.

Fine Woodworking magazine speaks this
language to more than 100,000 readers—people
seriously interested in making beautiful things
out of wood. Whether you are an aspiring
novice or an accomplished expert, you'll find it
an especially informative magazine, with finely
detailed articles about techniques and tools,
materials and design. It's written by master
craftsmen who share their many years of wood-
working experience. And it's printed on heavy
paper to withstand years of reference. All back
issues are in print and indexed periodically.

If you want to become a better woodworker,
write for more information about this
beautifully illustrated bimonthly magazine.
Better yet, send $12.00 for a one-year subscrip-
tion (Visa or Master Charge accepted). If you're
not pleased, we’ll be happy to refund.

The Taunton Press
52 Church Hill Rd.

. PO Box 355-MR
Working- &5
ST Fd rlg Connecticut 06470
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(The transcendental numbers are those
numbers that are not the roots of ordi-
nary algebraic equations.) In the initial
portions of Champernowne’s number
there are significant departures from
normality, but the differences in fre-
quency tend toward zero as the number
of digits being considered is increased. It
is apparently not known whether the
number is normal in all other bases.

“Although the sequence of digits in
the decimal expansion of pi may be ran-
dom in the sense of being normal, the
sequence is not unpredictable. In other
words, a good gambler, betting on the
successive digits of pi, would eventually
infer the rule for calculating the number
and thereafter win every bet. The same
is true of Champernowne’s number. Is
there a sequence so random that no
computable gambling strategy, betting
on each successive digit at fair odds,
could do better than break even? Any
number that is random in this strong
sense would necessarily be normal in ev-
ery base. It is a fundamental result of
probability theory that in fact almost all
real numbers are random in this way,
but finding a specific instance of such a
number is not easy. Moreover, there is a
sense in which no specifically definable
real number can be random, since there
are uncountably many real numbers
(that is, the set of real numbers is too
large to be matched up one-for-one with
the positive integers) but only countably
many definitions. In other words, the
mere fact that a real number is definable
makes it atypical. In this case, however,
the problem is only to find a number
that cannot be shown to be atypical by
constructive, or computational, means.
In particular the number must not be
computable from its definition, because
if it were, a perfect betting strategy
could be devised.

“Chaitin’s irrational number € is,
among its other remarkable properties,
random in this strong sense. To under-
stand why that is true, however, it is nec-
essary to deal briefly with the classic un-
solvable problem of computability the-
ory known as the halting problem: the
task of distinguishing computer pro-
grams that come to a spontaneous halt
from those that run on indefinitely.
Leaving aside gross programming er-
rors, which can cause a program to halt
or not to halt for trivial reasons, a pro-
gram halts if it succeeds in doing what it
set out to do, when it has computed, say,
the 99th prime number or the first mil-
lion digits of pi. Conversely, a program
will run on indefinitely if the task it is
embarked on is an unending one, such as
computing all prime numbers or search-
ing for a planar map that cannot be col-
ored with only four colors so that no
two adjacent regions are the same color.

“At first the halting problem might
seem solvable. After all, the fact that a
program halts can always be demon-
strated by simply running the program



NEW TECHNOLOGY

wonder

For $89.95 the Mura cordless telephone
sounds like a bargain. But wait until
you hear about its many disadvantages.

It's about time. For years you've seen ads
for cordless telephones selling for between
three and four hundred dollars.

Now through some very clever planning and
a sprinkle of new technology, Mura Corpora-
tion has come up with a cordless telephone
that sells for $89.95. However, it has major
disadvantages that could totally discourage
you from buying the system—but more on that
later.

ONLY IN AMERICA

The Mura weighs only 12 ounces and
measures 1%2"x 23%"x 6%2". The system in-
cludes a base unit that plugs into your tele-
phone jack. You carry your cordless telephone
with you and when your phone rings, you press
a button and answer. And you can talk to any-
one as long as you remain within 400 feet of
the base unit.

But wait. We mentioned that the phone had
major disadvantages. And it does. But first,
let's outline some of its major advantages.
Convenience You don't need an extension
telephone. With the Pocket Phone you have
an extension phone that you can take with
you—in the bath, in the den, in the garden, or to
your neighbors.

Intercom You can use the base unit to page
the person holding the cordless telephone. For
example, if you're in your office and someone
outside has the unit, you can press a button on
the base unit and buzz the portable phone—
just like on an intercom. Simply by talking on
the phone plugged into your base unit, you can
talk with someone on the remote phone. It's
ideal for home or factory use.

Price The cost of the Mura remote telephone
is only $89.95. Compare this price not only
with the cost of other $300 remote telephones
but with conventional phones as well, and you
can appreciate what a major breakthrough the
Mura system represents. But there’s more.

You can plug any conventional phone into
the base unit and carry on a three-way conver-
sation. You can answer a call at the base unit
and signal the remote unit to pick up the line.
You can cut out the remote phone from the
base unit if you want to keep a conversation
private.

TALK OF VALUE

You can carry the cordless telephone with
you with its antenna collapsed and the battery
on standby. When a call beeps your unit, you
simply extend the antenna, turn the power on,
and start to talk.

The unit is FCC approved for connection
directly into your telephone line. if you don't

ordiess

have a four-pronged jack or a modular con-
nector, simply call your telephone company.
They'll promptly install a jack for you and the
cost will be around $15 or less depending on
your location.

NOW THE CATCH

We mentioned that there was a catch—a few
major disadvantages that you, as the con-
sumer, should know about before you con-
sider purchasing this product. Here they are:
Forget About Dialing The new Mura Pocket
Phone can’t dial out. It only receives calls. To
many people, this doesn't matter because
90% of remote phones are used to receive
calls and not to place them. By eliminating the
dial, Mura has cleverly saved consumers
hundreds of dollars.
Forget About Steel Walls The Mura unit
won't penetrate them. This means that if you
want to use your phone in a factory with metal
walls, your unit won’t work. But for most facto-
ries and practically all homes, the unit is ideal.
Forget About Snooping The unit has only a
400 foot range. At first this might seem awfully
short, but nobody can snoop in on your con-
versations if that person is beyond this range,
and 400 feet is more than enough for most
applications. Most cordless telephones
operate in the 27 megahertz range —the same
frequency area used for citizen band radios.

/

The base unit for the Mura can also be used as
a personal paging system or intercom.

The Mura uses the 49 megahertz range. This
frequency has clearer reception with practi-
cally no interference.

The above are the disadvantages. For 90%
of you, they don’t mean a thing. For those 10%
of you who need a dial, we would recommend
the more expensive cordless telephones.

But for those of you who will accept its
disadvantages, you'll be in store for the great-
est idea in telephone convenience since the
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The Mura cordless telephone represents a
major breakthrough in telephone technology.

cordless telephone was first introduced. In
fact, rather than install an extension phone,
why not consider the Mura instead?

TRY IT FIRST

We suggest you try the Mura Cordless
telephone system in your own home, office or
factory. Use it for 30 days. Take the phone to
your next door neighbor’s house or with you to
the bathroom while you take a shower or bath.
Take it with you on your patio or balcony, or
bring it in your garden as you work. Use it in
your factory as an intercom or in your office as
a remote telephone.

After you've given it a thorough test, then
decide if you want to keep it. If not, no problem.
Simply return your system for a prompt and
courteous refund including your $3.50 post-
age and handling. You can't lose.

HERE’'S THE WAY

To order your unit for a 30-day test, simply
send your check for $89.95 plus $3.50 post-
age and handling to JS&A Group, Inc., One
JS&A Plaza, Northbrook, lllinois 60062.
(Mlinois residents please add 5% sales tax.)
Credit card buyers, call our toll-free number
below. We'll send your base unit, cordless
telephone, rechargeable batteries, recharger,
complete instructions, our 90-day limited
warranty, and the address of the closest Mura
Service Center or service-by-mail station.

Your unit is backed by Mura Corporation, a
17-year old company famous for their micro-
phones, headsets, and other audio products.
JS&A is America’s largest single source of
space-age products—further assurance that
your modest investment is well-protected.

Very often when a product’s disadvantages
aren’t made clear to the consumer, that prod-
uct ends up being a disappointment. By ex-
plaining the major disadvantages of the Mura
cordless telephone, not only are we avoiding a
possible disappointment, we're proving just
how great a product it really is. Order a Mura
cordless telephone at no obligation today.

0 PRODUCTS
O THAT
e WTHINK

Dept.SA One JS&A Plaza
Northbrook, lll. 60062 (312) 564-7000
Call TOLL-FREE ....... . 800 323-6400
Inlllinois Call ........... (312) 564-7000

©JS&A Group, Inc.,1979
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long enough. Moreover, there are many
programs that can easily be proved to
halt or not to halt without ever running
them. (For example, the famous four-
color theorem, which states that five col-
ors are never required for the map-col-
oring task mentioned above, was finally
proved in 1976, and that proof guaran-
tees that the map-coloring program will
not halt.) The difficulty comes, then, not
in solving particular cases of the halting
problem but in solving the problem in
general. A. M. Turing, the British math-
ematician who invented the Turing ma-
chine, showed that there is no general
prescription for deciding how long to
run an arbitrary program so that its halt-
ing or nonhalting will be revealed. He
also showed that there is no consistent
system of axioms strong enough to de-
cide the halting of all programs without
running them. The unsolvability of the
halting problem can be derived from
and indeed is equivalent to the more re-
centresultthatrandomness, in the Chai-
tin-Kolmogorov sense of incompressi-
bility, is a property that most integers
have but cannot be proved to have.
“Now imagine that the Turing ma-
chine, instead of being given a definite
program at the beginning of its compu-
tation, is fed a random sequence of bits.
That can be accomplished by flipping a
coin whenever the machine requests an-
other bit from its input tape and feeding
in 1 or 0, depending on whether the coin
comes up heads or tails. This procedure
raises a curious question: When the pro-
cedure is begun, what is the probability
that the machine will eventually halt?
“The answer is Chaitin’s number Q.
Because the value of Q depends on
which universal Turingmachine is being
used, it is not a single universal constant
like pi. For a given machine, however, Q
is a well-defined irrational number be-
tween zero and one, with a natural inter-
pretation as that machine’shalting prob-
ability on a random program. A ran-
domly chosen program is very likely to
tell the computer to do something im-
possible or pointless, so that the ma-
chine either stops immediately in an er-

n=19, k=7/2+V2 =494+

Solution to last month’s packing problem
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ror state or loops endlessly through a
small sequence of instructions. For most
computers the former behavior pre-
dominates, and so because the halting
probability is close to 1 the decimal ex-
pansion of Q begins with several consec-
utive 9’s. It can be shown, however, that
the digit sequence of Q soon becomes
quite patternless, ultimately defeating
any computable gambling strategy, as
well as being random in the Chaitin-
Kolmogorov sense of incompressibility.

“The most remarkable property of Q
is not its randomness, however. After
all, it shares that property with the great
majority of real numbers. Rather it is
the fact that if the first few thousand
digits of O were known, they would, at
least in principle, suffice to decide most
of the interesting open questions in
mathematics. This property, as well as
Q’s immunity to gambling, is due to the
compact way Q encodes solutions to the
halting problem.

“The most famous unsolved problem
in mathematics is probably Fermat’s
‘last theorem, which states that the
equation x» + y» = zn has no solution
in positive integers when n exceeds 2.
Pierre de Fermat made this assertion in
a handwritten note in the margin of a
book on number theory, adding that he
had discovered a truly remarkable proof
of it that the margin was not large
enough to hold. Fermat died without ex-
hibiting his proof, and three centuries of
effort by other mathematicians have
yielded neither a proof nor a refutation.

“Fermat’s last theorem, like most of
the famous unproved conjectures in
mathematics, is an assertion of nonexis-
tence and therefore could be refuted by
a single finite counterexample, namely a
set of integers x, y, z and n that solve the
equation. Such finitely refutable conjec-
tures are equivalent to the assertion that
some computer program that searches
systematically for the allegedly nonexis-
tent object will never halt. Another fa-
mous finitely refutable proposition is
Goldbach’s conjecture, which asserts
that every even number is the sum of
two primes.

“Another kind of finitely refutable
conjecture that has had an important
place in the history of mathematics is
the assertion that some proposition is
independent of a given set of axioms,
that is, the proposition can be neither
proved nor refuted. The most famous
propositions of this type are the parallel
postulate, which states that through a
given point there is exactly one line par-
allel to a given line, and the continuum
hypothesis, which states that there is no
infinite number between aleph-null (the
number of positive integers) and aleph-
one (the number of real numbers). In the
19th century the parallel postulate was
shown to be independent of the other
axioms of Euclidean geometry, and in
this century the continuum hypothesis
was shown to be independent of the axi-
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oms of set theory. The independence of
a proposition P from a given set of axi-
oms is equivalent to the nonhalting of a
program that systematically generates
proofs from the axioms, searching for a
proof or refutation of P.

“Not all famous conjectures are fi-
nitely refutable. For example, no finite
amount of direct evidence can decide
whether pi is normal, whether there are
infinitely many twin primes (consecu-
tive odd primes such as 11 and 13 or
857 and 859) or whether the P+ NP
conjecture in complexity theory is true.
[The P+ NP conjecture asserts that
there are mathematical problems for
which the validity of guessed solutions
can be verified quickly but for which
solutions cannot be found quickly.]
Such conjectures are not equivalent to
halting problems, but there is good rea-
son to believe most of them could be
settled indirectly, by proving stronger,
finitely refutable conjectures. For ex-
ample, many twin primes are known,
and empirical evidence indicates that
the spacing between them grows rather
slowly. Therefore the twin-prime con-
jecture may be viewed as an unnecessar-
ily weak form of a stronger and still
probably true assertion about the spac-
ing of twin primes, say that there is al-
ways at least one pair of twin primes
between 107 and 10~+1. This stronger
assertion is equivalent to the nonhalting
of a program that looks for an excessive-
ly large gap (greater than a factor of 10)
in the distribution of twin primes. (It is
important to note that some mathemati-
cal questions cannot be reduced to halt-
ing problems, for example, some ques-
tions about Q itself. These irreducible
questions tend, however, to be rather ar-
tificial and self-referent.)

“Interesting conjectures, like interest-
ing numbers, tend to be concisely de-
scribable. It is hard to imagine a mathe-
matically interesting, finitely refutable
conjecture so verbose that it could not
be encoded in the halting problem for a
small program, one a few thousand or
tens of thousands of bits long. Thus the
answers to all interesting conjectures of
this kind, including those that have yet
to be formulated, would in principle be
available if there were some kind of
‘oracle’ capable of solving the halting
problem for all programs shorter than a
few thousand bits. The number of pro-
grams involved would still be enor-
mous; for example, there are about 21,000
programs shorter than 1,000 bits. Hence
it would seem that any oracle able to
answer all these questions correctly
would have to either be very smart or
possess an enormous amount of stored
information. In fact, because of the
compact way in which Q encodes the
halting problem, its first few thousand
bits serve as just such an oracle.

“How can solutions to specific halting
problems be recovered from Q? Since
Q is defined as the overall halting prob-



Every Panasonic gives you a picture
that’s life-like.This Panasonic also gives
you a picture that’s life-size.

Panasonic brings you life in your choice of sizes. From with Panasonic remote control tuning, so you can

our little 7" (meas diag) portable color TV with its brilliant relax in your favorite chair for an evening of brilliant
color and realism right up to our television viewing.

biggest—the Panasonic Color Video To keep the viewing brilliant, this

Projection System—a super-real 5 ft.
(meas diag) of picture so life-like you
can't help feeling you're part of it!
Panasonic Projection TV, with a

picture area nearly 10 times thatofan
ordinary 19" diagonal TV, transforms
your living room into a screening
room. A sports arena. A concert hall.
You can even connect one of our
Omnivision VI'™ VHS™ six hour

Projection TV, like many other
Panasonic TV's, has two electronic
color control systems. VIR, which
“reads” color information transmitted
by the TV station. And, when a VIR
signal is not available, the Panasonic
ColorPilot™ system takes over to
maintain accurate, true-to-life color
from program to program, from
channel to channel—automatically.

video recorders to it and replay great films. Favorite Whether you choose a 77/ 10" 12 13"/ 25" or 5-ft.
sports events. Or your own video tape masterpieces, Panasonic Color TV (all meas diag) you'll get a picture
wherever you made them! so life-like you'll feel like you're part of it. If you choose
Yet the Panasonic Projection TV folds into a compact the 5-foot Projection TV, you'll get a picture so life-size,
one-piece unit that's just 27 inches deep. And it comes you may begin to feel it's part of you! ey
W pactiafe s hod

J_a- ] :
Panasomc,, i

just slightly ahead of our time.
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Money is not our most
valuable asset.

- When your problem is more than just
a question of money, come to Deutsche
Bank, where precision and attention to
detail are qualities that guarantee per-
fection in all money matters.

We act as auniversalbank, worldwide,
whether your problem is something as
normal as arranging credits for import
and export financing or as sophisticated
as the management of international
bond issues.

Come to Deutsche Bank, where
precision is not only a long tradition.
It's our most valuable asset.

Deutsche Bank

1Fi)llf\;(o;TF;{_L;)Ze7s7e[:\2énve Offices: Beirut, Bogota, Caracas, A CentUW Of Unlversal bank'”g

Subsidiaries Hong Kong, London, Luxembourg,Singapore.
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GRAND AWARD.

THE ONLY 12 YEAR OLD

CANADL‘\N WHISKY.

ears. 'hat’s how long
lhlS anadian whisky takes.

12 years to allow a blend of
the finest whiskies to marry per-
fectly. To achieve an unrivaled
smoothness. And an absolutely
remarkable richness of taste.

Grand Award. No other
Canadian whisky tastes like it.

No other is presented at
90.4 proof.

And in the rradition of items
of rare and exceptional quality.
only a limited amount of Grand
Award is available each year.

1979 GRAND AWARD -12 Years 0ld. 904 Proof. Imparted in the bottle from Canada by Hiram Walker Importers, Inc., Detroit, Mich. Blended Canadian Whisky
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ability of a computer with random in-
put, it can be regarded as the sum of
the probabilities of all halting compu-
tations. Each halting program contrib-
utes to the sum its own probability of
being chosen (by accident, as it were)
when the input bits are supplied by coin
tossing. The probability of generating
any particular k-bit program in k coin
tosses is 1/2%. Therefore if feeding this
program to the Turing machine one bit
at a time causes it to embark on a halting
computation in which all k bits of the
program but no more are actually re-
quested and read, then that program’s
contribution to Q is 1/2% (Programs
that call for the machine to read more or
fewer bits than there are in the program
are considered not to halt, ensuring
that each halting computation’s contri-
bution to Q is counted only once.)

“The illustration on page 25 shows
how the first n bits of Q can be used to
solve the halting problem for all pro-
grams of n bits or fewer in length. Be-
cause Q) is an irrational number the
number that consists of its first n bits,
Q,, slightly underestimates its true val-
ue: , is less than Q, which is less than
Q, + 1/2n In order to solve the halting
problem for all n-bit programs, one be-
gins a systematic but unending search
for all the programs that halt, of what-
ever length, running first one program
and then another for increasingly long
times until enough halting programs
have been found to account for more
than Q,, in total halting probability.

“One way to visualize this process is
to consider a balance with a weight
equal to Q, in its left pan. As is shown in
the illustration the programs are run in
a way that is reminiscent of the song
“The Twelve Days of Christmas”: first
one step of the first program is run,
then one step of the second program
and another step of the first, then one
step of the third program, another step
of the second and another step of the
first, and so on. Every time a program
of length k is found to halt, a weight
of 1/2* is dropped into the right pan of
the balance, because 1/2* is the proba-
bility of that program being chosen and
executed by a computer whose input
bits are supplied by coin tossing. Even-
tually the balance must tip to the right,
since the total weight of the programs
that halt—the halting probability of Q—
is an irrational number between Q, and
Q, + 1/2n. By this time a great many
programs will have been found to halt,
some longer than n bits and some short-
er, and many programs that may halt
later will not have done so yet. After
the balance has tipped, however, no
more programs of length n or less can
halt, because if one did, that would raise
Q above its established upper bound of
Q, + 1/2n In other words, the subse-
quent halting of a program of n bits or
fewer would alter one of the known dig-
its of Q.

- —
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Solution to last month’s pentagon problem

“If this gargantuan computation were
carried out with a sufficiently precise es-
timate of Q, say the first 5,000 bits, then
among the programs whose fate would
be decided would be one whose nonhalt-
ing would verify Fermat’s last theorem,
and programs that would decide Gold-
bach’s conjecture and all other simply
stated, finitely refutable conjectures. In
addition programs would be included
whose nonhalting would almost certain-
ly settle many conjectures that are not
finitely refutable, such as those about
the normality of pi, the twin primes and
the P NP question, by proving strong-
er, finitely refutable statements.

“Returning to the senses in which Q
itself is random—its incompressibility
and the impossibility of successfully
gambling on its digits—it may seem
strange that Q can contain so much in-
formation about the halting problem
and yet be computationally indistin-
guishable from a meaningless random
sequence. Actually Q is a totally inform-
ative message, one that appears to be
random because all redundancy has
been squeezed out of it, a message con-
sisting only of information that can be
obtained no other way.

“To put s lack of redundancy in
perspective, consider a more traditional
way of encoding the halting problem in
an uncomputable irrational number: let
K be defined as the real number whose
nth bit is 1 or 0, depending on whether or
not the nth program halts. K is indeed
often referred to as an oracle for the
halting problem, but it is a very dilute
oracle in the sense that the first 2~ bits
of K contain about the same informa-
tion as the first n bits of Q: enough to
solve the halting problem for all pro-
grams of n bits or fewer. K is susceptible
to gambling precisely because it is dilute.
For example, a sizable portion of all
programs can easily be proved to halt
or not to halt for trivial reasons. The
corresponding bits of K are predictable,
and by betting only on those bits a gam-
bler could win consistently. Moreover,
even the unpredictable bits of K are not
totally unpredictable. Often two pro-
grams can be shown to be attacking the
same nontrivial problem in different
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ways. The halting of one program will
then decide the halting of the other, and
a gambler who “passed” on the first pro-
gram, not knowing which way to bet,
could bet confidently on the second.

“The fact that Q is incompressible
and immune to gambling follows from
its compact encoding of the halting
problem. Because the first n bits of Q
solve the halting problem for all pro-
grams of n bits or fewer, they constitute
an ‘axiom’ sufficient to prove the incom-
pressibility of all incompressible inte-
gers of n bits or fewer. If Q, could be
computed by a program significantly
shorter than n bits, then a program of
similar size would suffice to find and
print out the first incompressible n-bit
integer, which is a contradiction. In oth-
er words, since , provides enough in-
formation to compute a specific n-bit
incompressible integer, it must be in-
compressible itself.

“Throughout history mystics and phi-
losophers have sought a compact key
to universal wisdom, a finite formula or
text that would provide the answer to
every question. The use of the Bible, the
Koran and the I Ching for divination
and the tradition of the secret books of
Hermes Trismegistus and the medieval
Jewish Cabala exemplify this belief or
hope. Such sources of universal wisdom
are traditionally protected from casual
use by being difficult to find as well as
difficult to understand and dangerous
to use, tending to answer more ques-
tions and deeper ones than the searcher
wishes to ask. The esoteric book is, like
God, simple but undescribable. It is om-
niscient, and it transforms all who know
it. The use of classical texts to foretell
mundane events is considered supersti-
tion nowadays, yet in another sense sci-
ence is in quest of its own Cabala, a
concise set of natural laws that would
explain all phenomena. In mathematics,
where no set of axioms can hope to
prove all true statements, the goal might
be a concise axiomatization of all ‘inter-
esting’ true statements.

“Q is in many senses a Cabalistic
number. It can be known of through hu-
man reason, but not known. To know it
in detail one must accept its uncomput-
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Sometimes it’s not only the best idea that wins the
Science Fair, it's the most unique display, the most
dramatic or eye-catching presentation.

That’s where photography comes in. Pictures can play a big
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Clip the coupon below and get 9 booklets
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able sequence of digits on faith, like
words of a sacred text. The number em-
bodies an enormous amount of wisdom
in a very small space inasmuch as its
first few thousand digits, which could be
written on a small piece of paper, con-
tain the answers to more mathematical
questions than could be written down in
the entire universe—among them all in-
teresting finitely refutable conjectures.
The wisdom of Q is useless precisely be-
cause it is universal: the only known way
of extracting the solution to one halt-
ing problem, say the Fermat conjecture,
from Q is by embarking on a vast com-
putation that would at the same time
yield solutions to all other simply stated
halting problems, a computation far too
large to be actually carried out. Ironi-
cally, however, although Q cannot be
computed, it might be generated acci-
dentally by a random process, such as a
series of coin tosses or an avalanche that
left its digits spelled out in the pattern
of boulders on a mountainside. The first
few digits of Q are probably already re-
corded somewhere in the universe. No
mortal discoverer of this treasure, how-
ever, could verify its authenticity or
make practical use of it.”

K this column was going to press I
received a telegram from the no-
torious numerologist Dr. Matrix assert-
ing that he is in possession of the first
1,101,121 bits of Q (in principle enough
to answer a good many uninteresting
questions as well as all the interesting
ones). He is currently soliciting bids on
individual bits or consecutive blocks.

ere are some odds and ends having
to do with earlier columns:

P. Howard Lyons and others found
that the smallest rectangled rectangle,
shown in this department for June, was
not unique. The five subrectangles of the
second solution to the problem are of
dimensions 4 by 8, 1 by 11, 5 by 7, 2
by 6 and 3 by 9.

Abraham Schwartz pointed out that
the joke chess problem given in June can
also be solved in “a fraction of a move”
by lifting either the bishop or the queen
one inch above the board. Friedrich-
Wilhelm Scholz was the first to send in
the following novel interpretation of
mating in a fraction of a move: White
has advanced a pawn to QB8 and called
for a queen; Black has removed the
pawn but has not yet placed a queen
on the square. Hence only the second
half of the move is needed to complete
the mate. Fred McCarthy also observed
that the promoted pawn could have
captured a black piece on either QB8
or QN8.

Mike Jones found a pattern of 20
nonattacking superqueens (pieces that
combine the moves of a queen and a
knight) for the 20-by-20 board, which
leaves the 21-by-21 board as the lowest
unsolved case.



How o get an honest 30Hz
from a 1.25 cubic foot speaker system.
The story behind the new KLH Computer Controlled Loudspeakers.”

With the introduction of acoustic
suspension more than 20 years ago, the

nets that are substantially smaller
than ever before possible.
The KLH-1is

loudspeaker indus-
try took an impres-
sive step forward.
This technology
allowed speaker

one example.

foot cabinet, it
delivers bass to

manufacturers to
achieve full-range — =i
frequency response

= &

‘ Froma 1.25 cubic
|
|

30 Hz (—3dB) at
105 dB s.p.l. with
absolutely no pos-

TECENER

in a cabinet sub-
stantially smaller

sibility of overload
distortion.

than any previous
full-range loudspeaker.

Since then, breakthroughs have
come and gone in the industry. But none
that has significantly reduced the size of
a true, full-range system.

The reason is actually quite simple.
Accurate bass reproduction requires a
woofer to displace a large volume of air.
In a small system with a small woofer,
the woofer cone must therefore travel a
long way to reproduce the lower fre-
quencies.

Although a smailwoofer-is per-
fectly adequate most of the time, occa-
sional high level, low frequency signals
can drive the cone well beyond its
intended excursion, causing severe over-
load distortion.

To avoid this, it has been necessary
to attenuate lower frequencies in small-
er systems. Which is why small speak -
ers have always had compromised bass.

The KLH
Analog Bass Computer.™"*

To solve this problem, we devel-
oped a completely new
approach — computer control.

We designed a separate compo-
nent, the KLH Analog Bass Computer, as
an integral part of the entire speaker
system. This component sits next to the
receiver or amplifier and constantly
monitors its output. The computer
derives an electronic analog of cone
motion, and controls the woofer at the
precise instant at which overload distor-
tion would otherwise occur.

With this kind of accurate, reliable
control, our designers were free to
extract the optimum theoretical perfor-
mance for any given cabinet size. And
develop a line of loudspeakers that can
deliver extended bass response in cabi-

Beyond the Computer.

Since the Analog Bass Computer
and the speakers must be designed as a
single, integrated system, we started
from scratch with the objective of
optimizing our new technology.

To achieve the widest possible
bandwidth with
acceptable effi-
ciency, we
employed sixth-
order equalized
systems. Com-
bined with the
Analog Bass Com-
puter, these sys-
tems provide a
—3dB point equal
to conventional
acoustic suspension
systems of at least
four times their
volume.

In keeping
with our objectives,
we also refused to
cempromise other
elements of the
design.

For our cones,
we selected polypropylene, a material
first developed for use in studio moni-
tors by BBC engineers. The movement
of polypropylene reflects the electrical
signal more faithfully than either paper
or bextrene. The result is a remarkably
clear, transparent, uncolored midrange.

For our speaker baskets, we used
die-cast aluminum rather than stamped
Steel.

And we used massive magnet
assemblies, optimized for the sixth-
order design.
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Three Applications.

Finally, we applied all we had
learned to accomplish three distinct
objectives.

Our first objective was to produce
a speaker that raises the absolute level
of low-frequency response in a cabinet
that is still practical for the home envi-
ronment. The new KLH-1 does exactly
that. It delivers flat bass to 30 Hz
(—3dB) from a floor standing unit just
11" x30V2" x 10V4". At a price per pair
of $1100** including Analog Bass
Computer.

Our second objective was to pro-
vide the best possible combination of
price and performance. Our solution is
the KLH-2. At $660** per pair with
computer, the KLH-2 can deliver flat
bass to 38 Hz (—3dB) at 102 dB s.p.l.
from a cabinet that
measures 10%4" x
21" x8v2".

Our third and
final objective was to
design @ moderately
priced speaker with
performance equal
to or better than
anything near the
cost, in a cabinet one
fourth the size. This
is the KLH-3. It mea-
sures 8Y2" x 12V2" x
6", delivers bass to
40 Hz (—3dB) at
95 dB s.p.l. and costs
$450 ** per pair
including computer.

The new line
of KLH Computer
Controlled Loud-
speakers.

Listen to them.

For more information, call
toll-free 800-225-6042 (in Mass.
1-800-532-9566). Or write KLH
Research and Development Corp.,

145 University Avenue, Westwood,
MA 02090. In Canada: The Pringle
Group. Ontario.

*Patent applied for.
**Manufacturer’s suggested retail price.
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BOOKS

Science in traditional Japan, the computer

analysis of Iiterary style, bioluminescence

by Philip Morrison

CIENCE AND CULTURE IN TRADITION-
S AL JAPAN, A.D. 600-1854, by Ma-
sayoshi Sugimoto and David L.
Swain. The MIT Press ($39.95). In 1754
three medical men sought and received
official permission to dissect one of five
thieves executed in Kyoto. The master
physician Toyo Yamawaki stood be-
hind the scenes; it was his students who
had initiated the unprecedented request.
Within a few years his small book, six
pages of text and four pages of draw-
ings, appeared. The treatise, which dealt
mainly with the visceral organs and ig-
nored the head, the muscles and the
nerves, had an “extensive impact” on
the physicians of Japan. There was a
vigorous and sophisticated national de-
bate. Was not the body the gift of the
ancestors, not to be dissected without
impiety? Even if the traditional Chinese
drawings were false to reality, was it not
function rather than structure that mat-
tered? Does the study of dead organs
have any therapeutic utility? Yamawaki
knew still more: he had a Dutch ver-
sion of a post-Vesalian anatomy pub-
lished by a Paduan professor in 1633.
Unable to read the text, Yamawaki was
“shocked by the accuracy and preci-
sion” of the figures. “Dutch learning” of-
fered tangible support for the unsure
and concerned practitioner. There was
a boom in Western medical studies,
viewed through the narrow channel of
Dutch books, yet Japanese practice was
still linked to the subtle Chinese systems
of medicine, with their wide philosophi-
cal and cosmological framework. Inno-
vators arose. One was the remarkable
Seishu Hanaoka, who removed a breast
cancer under a general anesthetic of da-
tura and aconite alkaloids in 1805, the
first major surgery under anesthesia re-
corded anywhere in the world. (One
of his remarkable step-by-step illustra-
tions is reproduced, although not in the
original color.) His school thrived for
generations, in semisecrecy.

Or consider wasan, literally meaning
Japanese mathematics. From a freshet
of interest in about 1620, which saw the
publication of many books in extension
of the then novel Chinese work of the
time, wasan grew over two centuries into
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an esoteric and “proudly impractical”
specialty of certain samurai scholars.
The training schools of wasan were
called by the same name as the schools
of tea ceremony or of flower arrange-
ment. It was a discipline quite distinct
from those of surveyors or astrono-
mers, held determinedly free from ap-
plications, “a leisured art.” One scholar
wrote of three styles of mathematics:
the extremes were yo no yo, “useful for
some use,” and muyo no muyo, “not
useful [and] for no use”; in other words,
applied and pure. Wasan, he held, ought
properly to take the middle way:
muyo no yo, “useful for no use,” useful in
method but useless for results. These
mathematicians thought little of the
West; they disdained Euclid because he
solved no hard problems. They never
received much of the pure mathematics
of Europe, no analytic geometry and
only a little of the calculus. It all seemed
clumsy and inferior to wasan, whose dis-
coverers had made an algebra of some
strength, a number of studies of infinite
series and a scheme for the use of stacks
of tiny rectangles to calculate in the lim-
it the area and volume of any figure. By
the early 19th century the Japanese had
the equivalent of tables of definite inte-
grals of some functions. The problems
they attacked were primarily the prop-
erties of very complicated figures, blind-
alley issues such as the volumes con-
tained in the intricate intersections of
several cylinders. They printed intro-
ductory methods, but the highest skills
remained in handwritten secret manu-
als. Schools formed around a succession
of masters, from Soto I to Soto VIII in
one example, each solving problems and
setting others for his successors, in a
linked chain nearly three centuries long.

The authors of this fascinating and
substantial volume have not empha-
sized the anecdotal matter sampled
above. Their survey of science in tradi-
tional Japan is broad and contextural,
their emphasis on the ebb and flow of
style and institution. As the valuable
foreword by Nathan Sivin puts it, they
take the large view of “the movement of
knowledge and ideas into a society and
the rhythm of their assimilation.” They
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nonetheless concentrate on three central
fields of science: astronomy and its ap-
plications (astrology, geodesy, naviga-
tion, calendrical science), mathematics
and medicine. They discuss the impor-
tant techniques, from shipbuilding to
agriculture, wherever these bear on the
sciences or simply evoke the quality of
an epoch. They divide their chronicle
into waves of eager importation and
innovative seclusion, first taking from
China between A.D. 600 and 894, then
again from China between 1401 and the
isolation of 1639. In that second period
the West entered, the Portuguese and
the Spanish, with the globe, the arque-
bus and the cross. From 1639 a limit-
ed flow from China and from Europe
through the Dutch nourished the schol-
ars. After 1720 books could be imported
from the Netherlands and Dutch could
be legally studied. This became the
epoch of Dutch learning; a clear conflict
arose between the neo-Confucianism of
the Ming and the new work of the dis-
tant redheads.

The first Chinese wave had been spon-
sored by the rulers themselves, the
founders of the Japanese state. They dis-
patched entire expeditions to China to
learn the culture of the great T°ang. One
such party of four vessels might carry,
besides servants, a diplomatic team, a
study team in two sections (one for Chi-
nese law, science and the like, the oth-
er for Buddhist doctrine), a ship’s crew
(many oarsmen for the times of unfa-
vorable wind) and a technical team of
physicians, pharmacists, diviners, art-
ists, jewelers, foundrymen and more.
All told the group might number 500
or 600. Thus there arose in Japan the
new capitals, successively Fujiwarakyo,
Nara and Kyoto, all magnificent if
smaller models of imperial Ch’ang-an.
After the building of Kyoto the impetus
declined, the new rulers being preoccu-
pied with a new life in Japan. In a few
centuries the sciences had atrophied.
The proud imperial institutes faded into
family monopolies at court. In the 17th
century it was not the state but the pri-
vate scholars who printed, for example,
the treatises and tables, based mainly on
the Chinese-Islamic system of the 14th
century, that led to a much-needed re-
form in the Japanese lunisolar calendar,
the first since its introduction from Chi-
na eight centuries before.

A reader familiar with the books from
Padua and Bologna, with Trinity Great
Court and Franklin’s kite, with the
rise of logarithms and the Ether Dome
will find this narrative both deep and
strange. The human themes and the
growth of authentic knowledge are fa-
miliar, yet the emphasis, the order, the
events and the characters are all new. A
couple of excellent histories of Japanese
astronomy and mathematics already ex-
ist in English, but nothing as broad as
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The car that wowed
Europe is winning the
hearts of America.

Ford Fiesta. The little front
wheel drive car that comes from
Germany. Applauded all over
Europe by the
experts for its
engineering,
design and
overall perfor-
Car that Makes the  mance. It was
Best Sense — Mot voted the most
significant import of the year in
1978 by readers of Car and Driver.

And when you e e

understand how - -

beautifully Fiesta

performs, you'll -

understand why Finland 1976
Car ol the Year

it continues to
get rave notices. Tuulilasi

Gemmany 1976

Front wheel drive.

Through rain,
ice, sleet, hail and
snow, Fiesta's
remarkable front
Denmark 1976 wheel drive traction
Car of the Year will help you keep
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fotad your appointed

Fiesta 3-Door Sport
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rounds. And its
Michelin steel-
belted radials will
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ltaly 1977
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Foreign Car — Motor
Best gas mileage of
any German import.

Americans love Fiesta's manners.
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Automotive Writers California
estimates will be lower. Actual
highway mileage will probably
be lower

Ford Fiesta.
lag salute.

A masterpiece of
European engineering.
Fiesta is assembled by Ford
in Germany. And its European
engineering makes it feel right at
home on streets and
highways of America
It's quick, nimble and
maneuverable.,
Ford Fiesta is sold
and serviced by
over 5,000 autho-
rized Ford Dealers
across America. There's even an
Extended Service Plan available,
providing longer protection over
your car's basic warranty. So test-
drive a Fiesta
&I IZ today. You'l
discover why
7' I q it's won
Great Britain 1978 infemational
Desurgr?Counc:lAward acclaim

FORD FIESTA
FORD DIVISION @

Spain 1977
Car of the Yeor
— Criterium

Fiesta.Wundercar from Germany.
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this book. There is a welcome promise
too: a second volume will carry the story
from the year of Commodore Perry’s
Black Ships through one decade of the
shogunate’s desperate efforts to gain
the technology of cannon and steamers,
then past one turbulent century up to
our days, to the meson, the zoom lens
and the supertanker.

ETERARY DETECTION: HOwW TO PROVE
AUTHORSHIP AND FRAUD IN LITERA-
TURE AND DOCUMENTS, by A. Q. Mor-
ton. Charles Scribner’s Sons ($17.50).
This volume by a classical scholar who
is also an experienced computer user
stands convincingly and stably in both
of the two cultures. One day the au-
thor was watching a line printer crank-
ing out parts of a concordance of a set of
Greek texts. He remembers the striking
rhythms, now a line or two ticking out,
then a long burst of lines. A glance at the
printout led him to formulate a statisti-
cal hypothesis: however many times a
pronoun was used by a Greek author,
the fraction of the times he used it in the
genitive form was about the same from
text to text. The idea worked, not only
for the lifelong output of the rhetorician
Isocrates but also for a selection of other
Greek authors. The size of the sample
needed was examined in detail, with a
watchful eye on the runs and correla-
tions that tend to demand larger samples
than might be required for purely ran-
dom data.

Morton describes the principles and
practice of the science of stylometry,
first pioneered in its modern form on the
works of Hippocrates by W. C. Wake in
his London doctoral thesis of about
1951 B.cC. (before computers). Of course
the literati have long studied texts assid-
uously to fix authorship, often concen-
trating on the rare words that “show the
subtleties of excellence.” In the power-
ful if prosaic methods of this new schol-
arship these are set aside. Rare words
are evidently not fruitful for statistics,
and vocabulary reflects the subject more
than the author. Once it was held that
the gospel of Luke was written by a phy-
sician, since medical terms were fre-
quent in it. The context of the words,
however, was nonmedical, and their use
was shared by the historian Josephus,
never a physician. In the Book of Acts
the same compiler, judging by his vo-
cabulary, has become an old salt, dis-
playing much knowledge of shipwreck.
Nouns notably mark the topic and not
the author.

The touchstone turns out to be what
is frequent but obscure, the swift lit-
tle choices that confront every author.
These are habits not affected by the pas-
sage of time, change of subject matter,
literary form and other testable circum-
stances. Take an example in English.
(The book treats about equally the in-

flected classical or biblical Greek and
the uninflected, word-order-stressing
English.) “The inimitable Jane Austen
of the complex style and biting wit” was
once meticulously imitated. She left us
an unfinished novel, with a summary,
when she died in 1817. An anonymous
admirer completed Sanditon, which was
published in 1975 “by Jane Austen and
Another Lady.” That highly literate
lady tried to imitate her coauthor, for
example in the Austen habit, decried by
Scottish schoolteachers, of using “and”
following commas, semicolons and co-
lons. In the habits of detail, however,
she failed totally. Half-a-dozen samples
from three different Austen novels agree
well, with the difference levels of little
significance. The unknown lady’s text
agrees with them poorly, with difference
levels that would occur by pure chance
only once in a billion. What are those
habits of Austen’s? They are typically
the placement of small words. The use
of “such” preceding “a” runs about 10
percent of all the “a”s in the three Aus-
ten samples, and it drops to just two out
of 82 uses of “a” for the unknown lady.
The same effect is found for the “I”” fol-
lowing “and”; often used by Austen, it
appears only once in the pastiche! It is
too bad that a control is lacking here; if
the unknown lady would offer some
prose samples of her own, it would be
fascinating to see whether her normal
writing style bears the stamp hidden in
her loyal tribute to Austen.

The 50,000 words of the 14 epistles
attributed to St. Paul are a challenge to
the stylometrist. Morton, himself a min-
ister of the Church of Scotland, ruefully
admits that the study of texts held sa-
cred is not quiet scholarship. “Write on
Shakespeare or Piato and angry letters
begin to arrive. Write on Paul or Jesus
and abusive and anonymous letters will
surely flood in.” The first hint of a statis-
tical stylometry was offered in a letter
written in 1851 by Augustus de Morgan
suggesting the measurement of the dis-
tribution of word lengths as a clue to the
authorship of the Pauline corpus. In-
deed, W. C. Wake studied this same ma-
terial, although he did so by measuring
the distribution of sentence length. A
painstaking study of sample size, with
close attention to various anomalies of
correlation and to the peculiar effects of
repeated copying on initial and final
pages, was required and is outlined here.
In this detailed chapter the results come
clear. Four of the Pauline epistles show
on the average distinctly shorter sen-
tences, and the frequencies of several
simple words used as the first or second
words in sentences concur in setting the
epistles apart. A subtler measure, the oc-
currence of de (but) between successive
occurrences of kai (and), was applied to
a wide range of Greek authors by Mor-
ton and a colleague. That measure gives

© 1979 SCIENTIFIC AMERICAN, INC

“astronomical” odds against a single au-
thor for all the epistles, not the four
alone. The case gains strength not only
from the high odds but also from the
concordance of many distinct sets of hy-
potheses, a lesson in robust statistical
studies. It is interesting that the radical
German “higher criticism” of a century
ago came to the same conclusion with-
out statistics: only the big four epistles
of St. Paul show a common origin.

More than a third of the book tries to
make these ideas and the practice of sta-
tistics clear to the innumerate. The ef-
fort is engaging, and on the whole it is a
successful start, although one doubts
that the tyro will feel much at home with
the full statistical apparatus. These in-
clude the faintly paradoxical negative
binomial distribution, well suited to
describe what would be a Poisson dis-
tribution if equal intervals were being
compared but instead extended to treat
intervals whose lengths themselves are
randomly variable. There is scholarly
amplification of the economics of an-
cient publication, where many authors
sought to father their ideas on authority,
since the money rewards accrued not to
them but to the scroll seller. In the mod-
ern world it is the reverse: all the profits
of fame and a share of fortune go to the
named author, even when he has raised
a ghost to produce his text. The author-
ship of confessions entered in legal trials
is a special study in which Morton has
also taken a lead. Forensic stylometry is
at least an inhibition to the temptation
on the part of police officers to adjust the
admissions they present in court. Half
the cases in the Crown courts of London
are settled on the “bitterly contested evi-
dence of two or more police officers who
assert that the accused said something
which he denies ever having said.”

This is an unusual book by an unusual
and gifted author, with an explicit ap-
peal for those who live far from num-
bers and calculation. At the same time it
offers the scientific reader an exemplary
case of the difference between the blind
use of rich but ill-examined data and the
careful and ingenious effort to obtain
samples apt for analysis by the powers
of modern statistics.

BIOLUMINESCENCE IN ACTION, edit-
ed by Peter J. Herring. Academic
Press ($51.75). We are eye-minded, di-
urnal primates. By daylight we enjoy
the colors of nature. Bright flowers and
green grass speak to us strongly, al-
though their evolution was entirely be-
fore our own. By night most of the color
has gone, but the signals offered to the
sensitive eye by the intrinsic lumines-
cence widespread among living forms,
particularly in the seas, intrigue us as
color does. The phenomena have been
studied in fascination at least since
the time of Robert Hooke and Robert
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Boyle. Some 30 years ago the physiolo-
gist E. Newton Harvey reviewed a life-
time of work on bioluminescence in a
scholarly volume of profound influence.
In this rich review 17 investigators from
the U.S. and Europe pool their special-
ties to make a volume less personal
than Harvey’s, which glows even more
strongly with the light of understanding.
This is not to say, however, that there
are even tentative solutions yet to all the
big questions of luminous life.

The how of the life glow is clearer.
Photochemically, a general method of
efficient light emission is known. The
excitation energy can be held in a sin-
glet spin state safe against the collision-
al deexcitation of the electron because
that would require a magnetic spin flip,
a slow process for the usual electronic
interactions. If that state can flip by
radiation, it becomes an efficient light
source. Sometimes it transfers stored en-
ergy to another particular molecule that
actually emits. In vitro cell-free systems
from fireflies and ostracods have been
studied for more than 20 years; their en-
zyme luciferin is no longer a mere func-
tional name like vitamin but a clearly
defined molecule. Even the crystalline
material has in a few cases been pre-
pared. For a long time the kinetics of
firefly glow has been applied as a rou-
tine bioassay for the ubiquitous biofuel
ATP. (That use is in part a tribute to the
interest in good photometric measure-
ments.) Several distinct compounds are
now known that play a similar part:
three of them are closely related multi-
ring molecules, found in many marine
forms, all quite distinct from the simpler
three-ring firefly luciferin. In luminous
bacteria the compound whose oxidation
is the key step is instead a long-chain
aliphatic aldehyde, six or eight links
long. Other forms contain photoprotein,
a large molecule probably coupled to
some kind of oxidized luciferin, whose
photon emission can be triggered by
simpler reactions, in one case by the cal-
cium ion alone. The detail available ex-
tends to the study of reaction rates; the
whole story seems to lie well within the
implied powers of modern biochemis-
try. These differing systems shed their
light on broader issues, because their
evolutionary formation is plausible by
the canons of comparative biochemis-
try. Many species share the same mech-
anism at their base, an antidote to earli-
er views of the haphazard evolution of
luminescence in many phylogenetically
scattered forms.

The why of the glow is less sure. The
firefly case is understood best. Here are
marvelous experiments on behavior. A
female firefly is held in a container out
of which it can peer but from which its
own glow does not leak. A phototube
alone records its hidden signal, in re-
sponse to the flash of males some dis-



NASA PATENT 4,052,648

Exxon has it. So does about a dozen other
manufacturers. And if our hunches are correct,
a new space-age product invented by NASA
may not only save Americans millions of
dollars but make fortunes for the companies
that sell it.

The new NASA invention uses the latest
space-age technology to save energy. Your
refrigerator for example, is a major energy
user. With this new device, your refrigerator
compressor will run quieter, there will be con-
siderably less heat generated from the motor,
and it will run more efficiently saving at least
30% in energy.

The invention requires no installation. Just
plug it into your outlet and plug your refriger-
ator into the device.

OVER PRICED UNIT

But there's a catch. Most manufacturers sell
the device for as much as $200. Using it with
your refrigerator, it will take many years before
it will pay dividends. On a powerful motor,
however, the device will pay for itself in a
matter of months.

Manufacturers who have announced their
units are selling them like hot cakes. Although
you may have heard a great deal of publicity
about the product, you may not have seen any
advertising because most manufacturers are
currently sold out.

Watch for it! We predict great success for all
those associated with the product. The power-
saving device invented by NASA is a big hit. It
will grow in popularity and save energy and
make many companies very successful.

A SMALL COMPANY

There is one small company however, thatis
credited with improving the device and
developing it for the consumer market. Called
ERI (Electronic Relays, Inc.) the company has
developed several models to service specific
products such as a refrigerator, a washing
machine, dishwasher, swimming pool and a
typewriter.

This small company actually improved the
NASA invention by adding its own refine-
ments. ERI had a great deal of experience in
solid state relays which use TRIACs and inte-
grated circuits—two important elements in the
NASA invention. A TRIAC is a bidirectional
thyristor which controls AC from a single con-
trol input. TRIACs also produce a great deal of
heat.

ERI’s experience taught them how to control
the TRIAC and its heat dissipation and thus
they were able to reduce the device's cost
through more efficient handling of the heat
problem. They were already one of the
nation’s largest purchasers of TRIACs—thus

NASA

Hits

A new invention by America’s space agency
will help all Americans save energy and
make some companies very wealthy.

their costs were already low.

NATIONAL PUBLICITY

They called their product, the Power
Chopper and sent a sample to a national
magazine for their review. In several tests, the
device out-performed even the claims made
by the manufacturer and the magazine ran a
glowing article on their findings.

The manufacturer felt that the product might
at first be misleading. Although it does save
30% on energy and in many cases up to 60%,
ERI felt most consumers would expect a 30%
reduction in their total electric bill-which of
course the product will not do. Consumers will
only get a 30% savings on the particular appli-
ance used with the Power Chopper.

STILL PESSIMISTIC

The manufacturer also felt that the product
was primarily for the industrial market—
restaurants with large banks of refrigerators.
The consumer must wait over one year before
the device would pay for itself. And finally, the
manufacturer did not feel that the consumer
would respond in great numbers to the article
which ran in the July, 1979 edition of a popular
magazine.

Well, the consumer did respond. So much
so that the small inanufacturer, with absolutely
no marketing staff, was buried with mail. The
president of ERI called JS&A to help him out.

TEST ONE YOURSELF

We agreed to offer the Power Chopper to
the consumer market for $29.95—a major
price breakthrough for the product.

Even if Exxon lowers their prices consider-
ably, they'll never come close to the low cost of
the Power Chopper. ERI's expertise with the
TRIAC and JS&A's direct-to-consumer mar-
keting, make the new NASA invention a prac-
tical power-saving accessory for every home.

daictand
-
The sophisticated electronics of the Power

Chopper consist of a TRIAC, two integrated
circuits and several solid-state devices.

We urge you to simply test just the refrigerator
module. Order one from JS&A on a 30-day
no-obligation trial. In the meantime, while you
are waiting for your unit, feel the heat gen-
erated from the bottom of your refrigerator.
Listen to the sound level of your compressor.
When the Power Chopper arrives, plug it in
and notice how much quieter and cooler your
refrigerator runs. See how much less time the
compressor must run. The compressor not
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only will run more efficiently but will save
energy every day you use it.

AWARD WINNER

If after 30 days you are not convinced that
the Power Chopper will save you energy and
money while making your refrigerator run
smoother, then just unplug it and send it back
for a prompt and courteous refund, including
the $2.50 postage and handling. But if you've
definitely noticed the difference, you'll want to
purchase more units for the remainder of your
motor-based appliances.

JS&A feels that ERI's technology, their
improved NASA design and their low manu-
facturing costs will catapult them to the fore-
front of those introducing the new NASA
invention. ERI's Power Chopper is one of the
nation’'s major new innovative products and
just recently won the Industrial Research IR-
100 Award.

To order your Refrigerator Power Chopper,
send $29.95 for each unit plus $2.50 for
postage and handling to JS&A Group, Inc.,
One JS&A Plaza, Northbrook, lllinois 60062.
(linois residents please add 5% sales tax.)
Credit card buyers may call our toll-free
number below. We’'ll send your Refrigerator
Power Chopper, one-year limited warranty
and you'll be ready to save. If you wish to order
additional units for other appliances at $29.95,
you may, but we suggest you test the refriger-
ator module first and totally convince yourself.

GOVERNMENT REBATE

Purchase of the Power Chopper entitles you
to a full 15% energy tax credit on your income
tax return. It’s like having the government give
you a $4.50 rebate.

JS&A is America’s largest single source of
space-age products—further assurance that
your purchase will be backed by service for
years to come.

NASA technology was responsible for the
development of the integrated circuit and
many other space-age products. Their latest
product could not have been developed at a
better time. Start saving and order a Power
Chopper at no obligation, today.

5) INPRODUCTS

THAT
O\ THINK

Dept.SA One JS&A Plaza
Northbrook, Ill. 60062 (312) 564-7000
Call TOLL-FREE ........800323-6400
Inlllinois Call....... ....(312) 564-7000
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tance away in the warm evening. The
experimenter, the Italian zoologist F.
Papi, uses the captive signal to trigger
a nearby artificial flash, which can re-
produce the natural one exactly or can
substitute a square pulse of adjustable
length and delay. In this way Papi has
studied the language of those roman-
tic flashes. Females that are artificial-
ly warmed above the ambient tempera-
ture flash too eagerly; they lose out in
the male response to cooler individuals.
There is less support for plausible theo-
ries for other forms, although they are
often striking. For example, it is known
that most of the many luminous crea-
tures of the shallower seas, unlike the
deep-sea lantern bearers, do not have
cells of their own able to glow. Instead
they provide an organ adapted to shel-
ter and nourish certain symbiotic lumi-
nous bacteria. The bacterial glow can
be modulated by a device as simple as
an eyelid. But the bacteria in question,
whose luminous biochemistry is known
in some detail, almost never glow while
they are free-living. Their glow system is
induced by the environment provided
by their symbiont host.

It seems probable that the glow of the
bacteria developed in coevolution with
the symbiotic habit. There is a strong, if
unproved, case that the downward lights
fitted on the ventral surface of many
forms of the upper and middle depths
act as a form of defensive camouflage,
as countershading or, more properly,
counterlighting. When the light organs
match the brighter sea surface over-
head, as it is seen by predators looking
up from below, the telltale shadow of
the prey is effectively eliminated. Even
more wonderful, a number of these
forms sport a small luminous organ on
top, positioned to appear in the visual
field of the animal itself. A theorist has
argued that we view here a feedback
scheme. The fish that needs to match
its belly brightness to the changing glow
of the waters above has evolved a sys-
tem designed for exactly that feat. “The
anatomy of the...arrangement is so be-
guiling that it is hard not to accept its
working just as proposed.” Behavioral
proof, however, is not yet at hand.

The organism whose blooming is the
red tide, a dinoflagellate, provides a
ubiquitous sparkle at sea and the glow
of certain phosphorescent bays. The
source is known even in vitro. It appears
to be a tiny particulate package of glow
biochemistry; the light seems to consist
mainly of fast flashes, with a slow di-
urnal rhythm. We begin to see how the
internal membranes on which the parti-
cles are held can respond by emitting
light on being mechanically disturbed.
But why the organisms should glow so
commonly we do not understand. Are
predators frightened by the spark? Do
some competitors stay away from the
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light, which they interpret as indicating
too shallow a depth? If erupting patches
of light or great phosphorescent wheels
kilometers across are real, as it has been
reported, they might be due to a wave-
like disturbance of the organisms. It is
better to admit that “we presently un-
derstand surprisingly little of the causes,
distribution and importance” of the
background night light of the sea.

The overall impact of the book, which
contains well-written summaries from
the detailed biochemistry and measure-
ment methods to lists of luminous or-
ganisms by species, is likely to last as
long as Harvey’s did so many years ago.
These are wonderful puzzles, whose elu-
cidation challenges the effort of many
ingenious investigators.

HE CALIFORNIA WATER ATLAS, Wil-

liam L. Kahrl, project director and
general editor. Illustrated with maps,
photographs, drawings and graphs in
color and in black and white. Distribut-
ed by William Kaufmann, Inc., Los Al-
tos, Calif. 94022 ($37.50). In 1850 the
basin of the Central Valley of Califor-
nia, 400 miles long from the fogs of Las-
sen Peak to the desert ridge at Tehacha-
pi, was a “vast expanse of alkali flats,
grassland prairie and marshlands.” The
bottomland forests and the wetlands
filled with tule reeds sheltered a diverse
wildlife; yellow-billed cuckoo, mink and
river otter were common. A dozen
mountain rivers contributed the rush-
ing flow they themselves collected from
the annual snowmelt high in the Sier-
ras. They formed the great meandering
streams of the flatlands, the Sacramento
to the north and the San Joaquin to the
south. The two central rivers built an
inland delta, which spills their joined
waters into San Francisco Bay. Irriga-
tion is 5,000 years old in the ancient
valleys of the Middle East, but in the
Central Valley the entire great system
belongs to this century. It waters more
cropland than the Nile and the Tigris-
Euphrates together. Across two pages
of this atlas the California waterscape
of today is mapped, a vascular system
of 135 canals, aqueducts, drains, tun-
nels, conduits, pipelines, laterals, inter-
ties and a couple of plain ditches. The
lakes and reservoirs they connect are
scattered throughout the high country.
The cleanest tenth or so of this life water
is sent to the cities, but the bulk of the
transport is intended for the wide fields,
the rice of the northern valley, the cot-
ton and grapes of the southern one and
the diverse rows, orchards, pastures and
hay of both valleys. The smaller irrigat-
ed regions of the state are also fully
treated.

The big pages (16 by 18 inches) of this
well-focused instrument admirably mix
text, textual asides, full-page maps, re-
productions of old maps, elaborate sta-
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tistical diagrams, flow charts, glowing
Landsat photographs from orbit and
evocative photographs from tunnels un-
derground to the snowpack of the Sier-
ras. The matter of the book is about half
retrospective, about half analytical and
reflective of present and future. Good
maps show the virgin waterscape, the
snow depth, the detail of the complex
arteries that bring the water to San Fran-
cisco and to Los Angeles, the hydro-
power by site and the applied irrigation
water by location and crop, the ground-
water resources (mapped here for the
first time) and a couple of dozen more
such handsome and useful pieces of
modern cartography. The text is a com-
pilation of materials produced by an en-
tire group of advisers with multiple view-
points; the essays both read smoothly
and show a long-range order not usual
in such reference sources. Time is by no
means neglected; this is not a set of still
pictures but a work with the cinemat-
ographic viewpoint one might expect
from Californians.

The flow of the main streams is shown
as it is measured month by month and as
it has been projected back to their unim-
paired state, the peak stream flows are
gathered graphically for a century and
the twin drought years of 1976 and 1977
are well recorded. The reservoir that
serves suburban Marin County then ran
very low indeed, but the statewide agri-
cultural product remained almost un-
changed, partly because the south had
had a normal rainfall and snowpack and
partly because 10,000 new wells tapped
the ground-water basins of the valley—
deficit financing. Half of the crops were
watered by wells, even though the low
state of hydropower reserves imposed a
big need for diesel fuel on the water
seekers. Such variability is of course no
new thing. The year 1924 had seen a
similar one-year drought, the worst in
the century up to 1976-77. On the oth-
er side of the ledger, in November of
1861 the rains began, and they remained
heavy for nearly two months. Then a
tropical storm unseasonably thawed the
deep snowpack. The consequences are
legendary: an inland lake 60 miles
across filled the Sacramento Valley, and
what is now the Los Angeles metropoli-
tan area was inundated, the waters col-
lapsing adobe houses and washing away
carefully tended vineyards.

The book looks at the economics
of water, the projections for demand
growth, the plateau of new supply after
so much ambitious engineering. Here is
Hetch Hetchy, the valley shown wild
and then flooded, and John Muir, who
lost that battle for wilderness. Truth
to tell, the waterfalls still flow pictur-
esquely into the mirroring waters of
the reservoir. Los Angeles took its big-
ger needs up to the Owens Valley, with
Tommy guns as useful as theodolites,
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§ good reasons for joining the

Natural Science Book Club

1. Van Nostrand’s Scientific Encyclopedia

Edited by Douglas M. Con’sidine. Nearly 200 experts have contributed to
this thoroughly revised and greatly expanded fifth edition of the most
authoritative single-volume source of scientific knowledge ever assem-
bled. Enormous 9%” x 12” volume contains 2.2 million words, 2382
pages, 2500 photographs, drawings and charts, and 500 tables. 7200
articles cover mathematics, from information sciences to physics and
chemistry. “...an amazing book... for both the general and scientific
reader.”—The New York Times. Publisher’s Price $67.50.

yramids

Hurngshrey from

2. Library of Ancient Mysteries
Stunningly beautiful set consisting of three 8%2" x 11”” volumes overfiow-
ing with magnificent color photographs consists of Mysteries of the
Past—a captivating investigation of such great riddles as who raised the
megaliths? what caused the sudden rise of modern man? what caused the
collapse of the Maya? and many more; The Mystery of the Pyramids—
a thoroughly fascinating overview of Egyptian civilization and the
historical, religious, cultural, and political reasons for its awesome
pyramids; and Peter Tompkins’s Mysteries of the Mexican Pyra-
mids—an absorbing look at the Mesoamerican pyramids and the civiliza-
tions that built them. Publishers’ Price $74.90.

3. Astronomy Library

Here’s a carefully selected set of five books that will provide you with a
basic, well-rounded astronomy library. First,a “must” for any astronomy
reader, the Illustrated Encyclopedia of Astronomy and Space.
Then, Jacqueline Mitton’s invaluable introduction to the fundamentals,
Astronomy: An Introduction for the Amateur Astronomer. Next, a
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marvelously readable overview of the latest advances in the “new
astronomy.” Walter Sullivan’s Black Holes. Then, the Catalog of the
Universe, which features more than 300 photographs. Finally, a useful
guide that will show you how to locate and identify more than 4,000 stars
that are visible to the naked eye, Star Atlas. Publishers’ Price $61.75.
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4. Nature Library

This sumptuously illustrated three-volume set consists of Palmer and
Fowler’s Fieldbook of Natural History—a huge volume acclaimed as
the most authoritative and comprehensive field guide to plants, animals,
and minerals ever published; Atlas of Man—9" x 12” volume filled with
over 450 full-color photographs and maps which cover the culture,
climate, religion, and geography of more than 400 tribes and peoples; and
Fossils of All Ages—9" x 13" word-and-picture masterpiece revealing
the history of fossils, how they are formed, and the rules that dictate their
shape and symmetry. Publishers’ price $79.95.

5. Archaeology Library

World Prehistory in New Perspective—three-volume set consisting of
Grahame Clark’senormous, global survey of al//ancient civilizations from
the first paleolithic gatherings through the Stone and Iron Ages to the
Minoans, Aztecs, and Vikings; T.G.H. James’s An Introduction to
Ancient Egypt—a lavishly illustrated look at the history, religion, and
culture of ancient Egypt; and Service and Bradbery’s Megaliths and
Their Mysteries—a detailed exploration of the astronomical, religious,
and symbolic significance of the neolithic structures of Europe. Publish-
ers’ Price $62.90.

Select either Van Nostrand’s Scientific
Encyclopedia or any one of the four out-
standing sets shown here for only $2.97

You simply agree to join for a trial period and take
only 3 more books, at handsome discounts, over

the next year.

As a member, you’ll be kept informed of the
most interesting, most important science books
being published. You’ll get to choose from a
dazzling array of books—from fascinating ac-
counts of the discovery of lost civilizations to
speculations on the orciigin of our universe, from
sumptuous word-and-picture books on the
world of nature to stimulating books on where
man came from and where he 1s going.

And you get these books at handsome savings.
In addition to receiving up to $79.95 worth of
books for less than three d%llars when you join,
you keep on saving substantially—up to 30% and
occasionally more. Your total savings as a trial
member, for example, can easily be over 50%

Values to $79.95!

if you include your introductory offer. And these
are real savings, because our books are always of
equal quality to the publishers’ editions, never
“economy” editions.

Moreover, you will immediately become eligi-
ble for our Bonus Book Plan, with savings of at
least 70% off the publishers’ prices. And you can
ckflfoose your Bonus Book from any of the titles we
offer.

Why not start enjoying the many benefits of
Club membership? Join the Natural Science
Book Club today.

If the reply card has been removed, please write to Natural Science Book Club,
Dept. 4-ATE Riverside, N.J. 08370 to obtain membership information and an
application.
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'HP computer and measurement advances

Series 30: the new, lowest-priced member of the HP 3000 computer family.

When you need immediate access
to information, the new Series 30
can provide it with unpre-
cedented economy. An entry
level, general purpose computer,
the Series 30 can operate as a
stand-alone system or as a station
in a distributed data processing
network. It can simultaneously
handle transaction processing,
on-line program development,
batch operations, and data com-
munications in any of five high-
level programming languages.

HP’s proprietary silicon-on-
sapphire (SOS) integrated circuit
technology makes possible the
small size and low power re-
quirements of the Series 30—it is
housed in a cabinet measuring
only 24 by 36 by 18 inches, and is
accompanied by a disc drive and
system console.

All communications are handled
by the new Intelligent Network
Processor (INP), an SOS-based
computer in its own right. The
INP offloads the communications
management task from the CPU,
permitting high levels of system
performance concurrent with
communications to other systems.
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All members of the HP 3000 family
use fully compatible systems
software', and application pro-
grams written on any HP 3000 sys-
tem can be run on any other with-
out reprogramming, recompiling,
or relinking. Thus the Series 30
can prove its value in two signific-
ant ways: for the company pur-
chasing its first computer,

software developed for the Series
30 willremain valid when the sys-
tem is expanded; for the company
wishing to exchange information
among a number of departments
or manufacturing sites, the Series
30 is an economical station in a

distributed systems network of

HP 3000’s. Prices start at $49,750%

*APL/3000 is available only on the Series 11

A family of compatible business systems

for distributed data processing.

HP 3000 Series 30

The entry level Series 30 provides im-
mediate information access at low cost,
as a stand-alone system or as a station in
a distributed data processing network.

HP 3000 Series 33

The mid-range Series 33 offers an effec-
tive solution where several or possibly
all of the functional areas of a business
require efficient local information
processing, with added capability for
handling data communications lines.

HP 3000 Series 111
The top of the line Series III performs
well in several roles such as supplying
computer power to a large number of
users, or centrally controlling a network
of HP 3000’s.
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extend your possibilities.

HP’s new benchtop gas chromatograph/mass spectrometer:
a new standard in versatility, performance, and price.

The new HP 5995 is an economical
GC/MS system with the versatility
to meet a wide range of analytical
needs. It is the first benchtop sys-
tem with a direct insertion probe
that gives the user the choice of
bypassing the GC—a useful
technique for rapid identification
of pure substances, and an essen-
tial one for the analysis of com-
pounds that cannot be chromato-
graphed.

The HP 5995 incorporates recent
advances in mass spectrometry
such as hyperbolic rods in the
quadrupole mass filter which im-

(

HEWLETT
PACKARD

prove spectral quality, and its HP
computer technology eliminates
the need for skill in tuning various
mass spectrometer voltages.

An integral HP 9825 computer
controls both the gas chromato-
graph and mass spectrometer,
processes the data, and provides
hard copy in a variety of formats
on its thermal printer/plotter.
Software supplied for the HP 5995
includes routines that tune and
calibrate the system to Environ-
mental Protection Agency stan-
dards, perform standard GC/MS
analyses, do selected ion monitor-

Name

. - e
Mail to: Hewlett-Packard, 1505 Page Mill Road, Palo Alto, CA 94304 |
Please send me further information on

() HP 3000 Series 30 computer system
() HP 5995 gas chromatograph/mass spectrometer

ing, plot and tabulate normalized
spectra, and search spectral lib-
raries for quick matching.

Like HP’s other GC/MS systems,
the HP 5995 is highly accurate, re-
liable, and easy to use.

Its price is $65,000*.

For more information, mail the
coupon to Hewlett-Packard, 1505
Page Mill Road, Palo Alto, CA
94304. Or call the HP regional of-
fice nearest you: East (301) 258-
2000, West (714) 870-1000, Mid-
west (312) 255-9800, South (404)
955-1500, Canada (416) 678-9430.

Company

Address

City

— State Zip

L

*Domestic U.S. prices only.
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They look expensive.
hey sound expensive.
But tl:u]/ re not because you
d them yoursel

—

The Magnificent Schober Electronic Organs.

Imagine the pride and joy of owning one of the world’s great organs. And for up to
50% less than an instrument of comparable sound and quality. Schober organ
kits come in 5 different styles and sizes to fit your musical taste and budget.

Mail this coupon today for free information.

The Schober Organ Corp., Dept. SA- 25
43 West 61st Street, New York, N.Y. 10023

0 Send me free catalog
Name
Address
City

O Enclosed is $1 for your 12""demo record.

State Zip

CARNEGIE-MELLON UNIVERSITY

Program for
Technical Managers

April 21-May 16, 1980

a NEW TECHNOLOGY BRIEFING
for research, development and
engineering management

Carnegie Institute of Technology
Mellon Institute of Science

The greater your management responsibilities, the less
your contact with actual technical work. Yet building an
effective staff of younger professionals and setting effec-
tive technical strategies demands a familiarity with the
latest developments in modern science and engineering.

In response, Carnegie-Mellon University has developed
the Program for Technical Managers. Designed for the
experienced technical executive, the Program is an inten-
sive technology update coupled with a review of im-
portant auxiliary topics such as the law, environmental
issues, OSHA, and product liability.

Increase your capacity to help solve your organization’s
technical problems. Make time for the Program for
Technical Managers. For your organization. For the next
20 years of your career.

Call Elizabeth M. Ross (412/578-2207) for information.
Or write Post College Professional Education, Carnegie-
Mellon University, 405 MMCH, Pittsburgh, PA 15213.
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the lore says. That supply matches the
much newer flow to growing Los Ange-
les from the Colorado, but California
mountain waters can generate hydro-
power on the way down, about enough
to lift the Arizona waters over the inter-
vening ridges. Both profiles are here.

The questions are plain. Ground wa-
ter is not as renewable as the snowpack.
The salinity of the southern basins is
steadily growing; a drainage canal to
carry off the salts is stalled between en-
gineering and economic difficulties. A
similar tangle surrounds the plexus of
the delta, where freshwater flow must be
maintained to beat back the sea. The
generous and proud works of the state
and the Federal Government water the
valley crops, but should the price of that
water be kept at a fraction of its cost
when almost half of the irrigation water
feeds not people but their cattle? The
text proposes no clear answers; its task is
seen as being to provide a resource, not
an adversary brief.

This striking book is the product of a
wide collaboration. Its impetus came
from the Governor’s Office of Planning
and Research, its data and expertise
largely from the staff of the state De-
partment of Water Resources and its
cartography from an expert and mod-
ernly equipped team at California State
University at Northridge. An entire pa-
rade of lawyers, artists, historians, jour-
nalists and other savvy people helped to
make the volume a “source of pride for
us all.” It was done within a quite short
time, mainly with state resources in the
face of a fiscal drought, known nation-
wide as Proposition 13. The cost was a
fourth of what some private firms esti-
mated. A reader is pleased throughout,
but another page or two of indexing ap-
paratus, particularly a detailed list of
graphs, tables and photographs, would
have added a good deal.

UYBRIDGE'S COMPLETE HUMAN
AND ANIMAL LOCOMOTION: ALL

781 PLATESFROM THE 1887 “ANIMAL Lo-
coMOTION,” by Eadweard Muybridge.
Introduction by Anita Ventura Mozley.
Dover Publications, Inc. ($100). Dark
and light-starved, the relay-triggered se-
quence exposures on slow wet plates
had made clear enough to Leland Stan-
ford exactly how his swift horses ran.
But Eadweard Muybridge, the romantic
experimenter behind the work, left Palo
Alto and his wealthy sponsor. The first
Muybridge sequence photograph to ap-
pear in Scientific American was the cover
of the issue for October 19, 1878. (The
magazine was then a weekly.) By 1882,
armed with much faster gelatin dry
plates, Muybridge sought grandly to ex-
tend his pioneer studies of motion. He
looked anew for well-heeled sponsors.
He found them in prosperous Philadel-
phia, where the painter Thomas Eakins



and the wealthy sportsman-scientist
Fairman Rogers were influential and en-
thusiastic. The provost of the Universi-
ty of Pennsylvania invited the project.
There in the enclosure of the veterinary
department, in the Gentleman’s Driving
Park and at the zoo the photographer set
up his camera batteries, his scaled back-
grounds and his wires. Between 1884
and 1887 the scheme was carried out
on a satisfyingly heroic scale. Before
his cameras moved athletes, mechanics,
young boys, artist’s models, racehorses,
big cats and patients from the neurolog-
ical clinic of Francis X. Dercum. The
work was a clear success; its richness
of form was high art; its wide concerns
and its then unmatched division of time
(measured by tuning fork) were of last-
ing interest to artist and analyst alike.
Dercum published a study of the abnor-
mal motions of his patients. The photo-
graphs did not, however, sell well to the
public. The cost was very high. About
three dozen complete sets of collotype
plates—781 of them in all their variety,
each a two-page plate with two or three
dozen sequenced images—were bought
by the very well-to-do and the finest li-
braries. Today the work has achieved
a collector’s notoriety for its rarity and
its striking effects. More than 20 years
ago the present publisher issued two se-
lected volumes of plates, one on human
subjects and one on animals and birds,
which did a great deal to acquaint the
world of the graphic arts with the work.
The plates reproduced at that time were
not quite half of the total, and the quali-
ty of the reproduction was not high. An-
other reprint publisher (Da Capo Press)
then brought out a more expensive edi-
tion, with 100 excellent reproductions.
Now we are offered in three volumes
the entire corpus, quite strikingly re-
produced, with the original invaluable
(if hard to use) list of topics and tech-
nical data, and a helpful introduction
by a Muybridge specialist, the curator
of photography at Stanford University.
The topics, as grouped by Muybridge
himself (note that more than one ver-
sion was originally offered for sale),
are males and females (nude), males
(with pelvis cloth), females (seminude
or with transparent drapery) and chil-
dren, males and females (draped) and
miscellaneous subjects, abnormal move-
ments, horses and other domestic ani-
mals, and wild animals and birds.

The books are a treasury of living
form, whether one looks at the black-
smith at his anvil, the nude women serv-
ing and taking tea, the 340-pound model
rising from the ground, the walk of lo-
comotor ataxia or the “mastiff Smith
aroused” by the report of a firecracker.
The full price is now the same $100
Muybridge asked for a portfolio of 100
prints of the buyer’s choice a century
ago; today it is a luxurious bargain.

Some of the people we
meet on planes become

our friends for life.
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Land-based

Intercontinental Ballistic Missiles

Accurate multiple-warhead missiles are beginning to make fixed ICBM's

appear vulnerable to a surprise attack. The proposed U.S. mobile missile,

the MX, is viewed as an inappropriate response to the perceived problem

by Bernard T. Feld and Kosta Tsipis

rom the early 1960’s until quite re-
F cently the strategic nuclear forces

of both the U.S. and the U.S.S.R.
were generally regarded as being invul-
nerable to a preemptive “counterforce”
attack by the other side. This effective
military standoff was a central factor in
the emergence of the concept of mutual
deterrence (or, as it is sometimes called,
mutual assured destruction). According
to this view, if the strategic nuclear
forces of both sides could be counted on
to stay mutually invulnerable (that is, if
each nation, even after absorbing a sur-
prise first-strike attack by the other,
could be sure of retaining a sufficient
number of deliverable nuclear war-
heads to inflict unacceptable retaliatory
damage on the attacking nation), then
norational leadership would be tempted
to start a nuclear war.

Recent technological advances, for
the most part introduced by the U.S. but
closely emulated by the U.S.S.R., have
contributed to a decline in the accept-
ance of deterrence as the guiding prin-
ciple of the strategic confrontation be-
tween the two superpowers. These de-

velopments have also given rise to an
erosion of confidence in the future in-
vulnerability of one component of the
U.S. strategic forces: land-based inter-
continental ballistic missiles (ICBM’s).
In response to concerns about this an-
ticipated problem it has been advocat-
ed that a new mobile missile, the MX,
begin replacing the fixed Minuteman
ICBM’s sometime in the next decade.

In this article we shall review the inno-

vations that have led to the projected
vulnerability of the Minuteman force.
We shall also explore the various strate-
gic situations in which this vulnerability
could arise and try to predict what the
actual vulnerability would be in those
cases. In so doing we shall attempt to
answer the difficult but crucial question
of how vulnerable the Minuteman force
is likely to appear to the military and
political leaders of the U.S.S.R. Finally,
we shall examine a number of technical
options available to the U.S. that could
help to reduce both the actual and the
perceived vulnerability of this country’s
land-based ICBM force.

TARGET of a hypothetical “counterforce” attack by the U.S.S.R. against the land-based com-
ponent of the U.S. strategic forces is seen in the aerial photograph on the opposite page as it
might appear from the vantage of an incoming Russian nuclear warhead. The white-faced
pointed shape at the head of the short tracked ways at the left center is the lid of an under-
ground Minuteman missile silo at a location near Minot, N.D. The silo, the reinforced concrete
and steel cylindrical structure that houses the missile, is designed to withstand a pressure of
several thousand pounds per square inch over atmospheric pressure. In order to be sure of de-
stroying the Minuteman in its silo a Russian nuclear warhead with an explosive yield of 750
kilotons would have to be detonated at ground level within about 550 feet of the silo. The adja-
cent structure at right center is the top of the missile’s unmanned security and maintenance fa-
cility. An array of automatic sensors surrounds the silo within the rectangular perimeter fence.
White streak at the bottom is a drainage ditch. Patterns on the fields are from contour plowing.
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The strategic arsenals of the U.S. and
the U.S.S.R. consist at present of three
different nuclear-weapons delivery sys-
tems: ICBM'’s, submarine-launched bal-
listic missiles (SLBM’s) and long-range
bombers. The strategy of deterrence
places a high premium on the postattack
survivability of all three of these sys-
tems. For example, the fraction of the
submarine-based missile force that is at
sea at any time is essentially invulnera-
ble to enemy action; submerged ballis-
tic-missile submarines are hard to detect
and even harder to destroy, particularly
if all of them must be caught by surprise
simultaneously.

Strategic bombers could in principle
be vulnerable to a surprise attack by the
ICBM’s and SLBM’s of the other na-
tion. To minimize the vulnerability of
the U.S. bomber force this country has
developed early-warning systems: satel-
lites that can observe the launching of
Russian ICBM’s and radars that can de-
tect the launching of Russian SLBM’s.
An ICBM would take about 30 minutes
to travel between the U.S.S.R. and the
U.S,, so that the early-warning satellites
would provide ample notice to enable
alert aircraft to fly away from their bas-
es once a massive ICBM launch had
been confirmed. SLBM’s fired from
Russian submarines near the U.S. coast,
on the other hand, could take as little as
five minutes to arrive on target, which
might not be enough time for all the
bombers to escape.

In order to minimize the vulnerability
of the land-based ICBM’s to a surprise
attack both countries have emplaced
these missiles in buried reinforced-con-
crete and steel structures called silos,
where they are maintained in operation-
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PROJECTED STRATEGIC FORCES of the U.S. and the U.S.S.R. in 1985, when the SALT II
treaty is scheduled to expire, are represented here in two ways: in terms of strategic nuclear-
warhead delivery systems (/eft) and in terms of deliverable independently targetable nuclear
warheads (right). The SALT II treaty sets a ceiling of 2,250 on the total number of strategic
launchers each side will be permitted through 1985. Within that total the U.S. is expected to
maintain a rough balance among the three components of its strategic “triad”: land-based in-
tercontinental ballistic missiles (ICBM’s), submarine-launched ballistic missiles (SLBM’s) and
long-range bombers. The U.S.S.R., in contrast, will presumably continue its traditional empha-
sis on land-based ICBM’s. The contrast is particularly evident in the projected figures for num-
bers of warheads: whereas the U.S. will have only about 15 percent of its warheads on ICBM’s
in 1985, the U.S.S.R. will have close to 75 percent of its warheads deployed in this manner.
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al readiness and protected from nuclear
attack. A modern missile silo is designed
to withstand a pressure of several thou-
sand pounds per square inch over atmo-
spheric pressure and to substantially at-
tenuate the effects of thermal and nucle-
ar radiation from a nuclear explosion.
At present the probability that such a
missile would survive a nuclear attack
must be considered excellent. The sur-
vival probability depends in a direct (al-
though not entirely predictable) manner
on the characteristics of the attacking
weapons, on the “hardness” of the silo
and to a lesser degree on the character-
istics of the targeted missile itself. (An-
other way to avoid the destruction of
these missiles, of course, would be sim-
ply to launch them toward their pre-
determined targets on receipt of an
early warning of a massive attack by the
other country’s ICBM force.)

Originally the concept of a “triad” of
strategic weapons was adopted by
the U.S. not only as a hedge against
some unanticipated vulnerability of one
of the three component systems but also
as a way of giving both the Air Force
and the Navy a “piece of the action”
in strategic weaponry. Another purpose
was to complicate an enemy’s strategic-
attack planning, since each weapons sys-
tem has its own special combination of
strengths and weaknesses. Gradually,
however, two beliefs emerged that were
eventually accepted as dogma by mili-
tary and political leaders in the U.S. The
first belief was that each component of
the triad must by itself be capable of
surviving a surprise attack in sufficient
strength to enable it to inflict unaccept-
able retaliatory damage on the U.S.S.R.
The second was that the land-based
component of the triad was militarily
and politically its most important part.
The latter belief was supported by a
number of advantageous features of
land-based missiles, such as their excep-
tionally reliable command-and-control
provisions, their rapid retargeting capa-
bility, the high reliability and superior
accuracy of their warheads and their
comparatively low operational cost. In
spite of the many advantages of land-
based missiles, the U.S. strategic forces
are rather evenly distributed among the
three components of the triad. In con-
trast the U.S.S.R., perhaps because of
some of the features listed above, has
traditionally emphasized the land-based
component of its strategic triad.
Although both countries clearly at-
tach major importance to their land-
based ICBM’s, their policies and actions
in recent years have failed to give com-
mensurate priority to maintaining the
survivability of these forces. For exam-
ple, the perceived vulnerability of the
Minuteman force has resulted from a
number of interrelated factors: the con-
stant efforts of both countries to im-
prove the accuracy of their ballistic mis-
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EFFECT OF MIRVING (the deployment of missiles with multiple
independently targetable reentry vehicles, or MIRV’s) on the per-
ceived vulnerability of fixed land-based ICBM’s is indicated sche-
matically in this pair of drawings. Before the advent of MIRVed mis-
siles a preemptive attack by one country’s ICBM force against the
other country’s ICBM force would have required the expenditure of
at least one of the attacking country’s missiles for each of the attacked
country’s missile silos (z0p). In this case the attacking country would

R

have effectively disarmed itself without any certainty of having dis-
armed the attacked country; hence no advantage could be gained by
attacking first. With a MIRVed missile force, however, one country
could in principle devote only a fraction of its missiles to an attack
against the other’s missiles, expecting to destroy most if not all of them
while retaining most of its own missiles safe in their silos (bottom). In
this case it is conceivable some advantage could be gained by attack-
ing first. Attacking MIRYV’s are shown cross-targeted, two to a silo.
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siles, the development and deployment
of multiple independently targetable re-
entry vehicles (MIRV’s), first by the U.S.
and soon afterward by the U.S.S.R., and
the concurrent failure to ban MIRVed
ICBM’s in the bilateral strategic-arms-
limitation talks (SALT).

In deciding to deploy MIRV’s in the
late 1960’s the U.S. gave in to the temp-
tation of what J. Robert Oppenheimer
once called a “technically sweet” so-
lution to a military problem. To the
U.S. MIRV’s offered an inexpensive but,
as it is turning out, temporary military
advantage over the U.S.S.R. Since a
MIRVed ICBM carries more than one
independently targetable nuclear war-
head, it can attack more than one missile
silo. Given a roughly equal number of
missile silos in the U.S. and the U.S.S.R.,
it is evident that the side with a MIRVed
ICBM force could devote only a frac-
tion of its missiles to a surprise attack
against the other side’s missile silos and
still expect (in principle at least) to de-
stroy most if not all of them while re-
taining the bulk of its ICBM force safely
in reserve.

One outcome of this turn of events is
that a kind of nostalgia has developed
among many military strategists in this
country for the “good old days” of un-
MIRVed ICBM’s, when a surprise pre-
emptive attack against the other side’s
missile silos would have required the ex-
penditure of at least one of the attacker’s

missiles for each of the opponent’s at-
tacked silos, a ratio that made such a
surprise countersilo attack unfavorable
to the attacker and therefore improba-
ble. Since it is difficult if not impossible
to remedy the shortsightedness of the
decision to deploy MIRVed missiles,
however, the U.S. is left with the dilem-
ma of having to choose between, on the
one hand, the projected erosion of the
survivability of the most highly valued
component of its strategic triad and, on
the other, the development and deploy-
ment of a new generation of expensive,
somewhat arcane and ultimately coun-
terproductive strategic weapons.

How is the vulnerability of an ICBM
silo measured? If one makes the
reasonable assumption that against such
a structure the most destructive effect of
a nuclear explosion is the sudden over-
pressure created by the blast wave, and
if in addition one ignores numerous
operational difficulties inherent in exe-
cuting a coordinated, large-scale attack,
then given the accuracy, yield and reli-
ability of the attacking weapons and the
hardness of the silos, it is possible to
calculate a theoretical rate of destruc-
tion for silos subjected to the attack. The
dominant variable that determines the
destructiveness of the attack is the accu-
racy of the attacker’s warheads. By con-
vention the accuracy of a ballistic mis-
sile is expressed in terms of a quantity

PROBABILITY OF DESTROYING A
MINUTEMAN SILO BY ATTACKING WITH
ACCURACY YIELD TWO RUSSIAN
(C.E.P IN NAUTICAL | (KILOTONS | RELIABILITY | ONERUSSIAN WARHEADS
MILES) OF TNT) | (PERCENT) WARHEAD CROSS-TARGETED
12 750 80 64 87
12 750 66 s | 78 |
12 400 80 51 il 7 |
12 400 66 43 ] 68
a7 750 80 44 | .79
a7 750 66 37 _ 61
17 400 80 T | s
a7 400 66 27 47 |
25 750 80 24 | 4
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ESTIMATED DESTRUCTIVENESS of Russian MIRV’s employed either individually or in
cross-targeted pairs in a hypothetical surprise attack against a single hardened Minuteman silo
depends on a ber of factors, including the characteristics of the attacking weapons, listed
in the first three columns at the left. The figures in the colored boxes are the “worst case” values
for accuracy, explosive yield and reliability most often quoted in public disc of the ques-
tion of Minuteman vulnerability. The figures in the white boxes are different estimates of these
values, based on somewhat less pessimistic assumptions about the capabilities of the Russian
MIRYV’s. As the chart shows, the most important determinant of the lethality of such an attack
is the accuracy of the attacking warhead (or warheads), which by convention is expressed in
terms of the warhead’s C.E.P., or “circular error probable,” measured in nautical miles. (The
C.E.P. of a reentry vehicle is defined as the radius of the circle around a target within which
half of the warheads aimed at the target can be expected to fall.) The reentry vehicles of the
two Russian MIRVed missiles, the SS-18 and the SS-19, are currently estimated by the U.S. to
have a C.E.P. of .17 nautical mile; by 1985 they are expected to have a C.E.P. of .12 nautical
mile, Increasing the estimated C.E.P. of reentry vehicles of either missile from .12 nautical mile
to .25 would reduce expected lethality of attack by more than half (last four rows of figures).
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designated C.E.P. (for ‘‘circular error
probable”), which is measured in nauti-
cal miles. The explosive yield of a nucle-
ar warhead is expressed in equivalent
tons of TNT, and the reliability is usu-
ally given as a percentage representing
the probability that a given missile will
function as intended.

C.E.P. is defined as the radius of the
circle around a target within which half
the warheads aimed at the target can be
expected to land. The rated C.E.P. of
any missile system is established in test
flights, and it may or may not be dupli-
cated in actual military operations. Fur-
thermore, this measure of accuracy does
not take into account the possibility
of systematic aiming errors. The C.E.P.
value for Russian missiles is presumably
determined by U.S. intelligence experts
from information gathered during Rus-
sian weapons tests by observing the
launching of each missile and the return
of its warhead (or warheads) to the sur-
face. The U.S. Government, however,
does not announce the results of its in-
telligence-gathering activities. As a re-
sult the C.E.P. values of the Russian
ICBM'’s cited in unofficial public state-
ments about the vulnerability of the
Minuteman force may be neither the
values measured directly by the Rus-
sians nor the values determined indirect-
ly by the Americans. Since accuracy is
the most important determinant of a
missile’s destructiveness against a silo,
publicly quoted estimates of the C.E.P.
values of Russian missiles are likely to
be subject to powerful political pres-
sures generated by highly motivated in-
terests. The sensitivity of such estimates
is easy to demonstrate: increasing the
estimated C.E.P. of a Russian missile
from .12 nautical mile to .25 would re-
duce its estimated lethality against a
U.S. missile silo by more than half [see
illustration at left].

Similar doubts may be held concern-
ing the estimated yields of Russian war-
heads quoted in “off the record” public
statements by U.S. officials. In general
the recent public debate about the antic-
ipated vulnerability of the Minuteman
force simply overlooks the considerable
uncertainty that surrounds such key var-
iables in the calculation of missile-silo
vulnerability.

The most authoritative estimate avail-
able of the actual Minuteman vulner-
ability is presented in a graph accom-
panying Secretary of Defense Harold
Brown’s defense-posture statement to
Congress for 1980 [see illustration on op-
posite page]. The considerable range of
uncertainty introduced into the calcula-
tion of the vulnerability of a silo by the
uncertainties involved in the determina-
tion of the accuracy, yield and reliability
of the Russian missiles, compounding
the uncertainty inherent in predicting
the actual response of a silo to a nuclear
explosion, is correctly represented here
by the broad band of probable error.



Clearly arguments about the vulnera-
bility of a given Minuteman silo are
extremely sensitive to changes in the
estimates of the characteristics of the
Russian weapons.

What is more, attempts to calculate
the vulnerability of the entire Minute-
man force by merely extrapolating to all
silos in that force the results of the cal-
culation of the vulnerability of one silo
can result in misleadingly inflated fig-
ures. This result is virtually inevitable
not only because such simple calcula-
tions are flawed by the omission of nu-
merous operational considerations and
fail to take into account the many uncer-
tainties inherent in the modeling of an
attack by a single warhead against a sin-
gle silo but also because they ignore the
many additional uncertainties inherent
in the complex operation of launching
hundreds of missiles carrying thousands
of warheads cross-targeted on more
than 1,000 targets. Systematic depar-
tures from designed performance crite-
ria are bound to happen. Although such
an attack could be rehearsed, it could
never be tested to determine such sys-
tematic errors. Hence any theoretical
calculation of the level of damage that
could be inflicted on an entire land-
based missile force will surely warrant
a lower degree of confidence than the
calculation of single-silo vulnerability.
Experienced military leaders are keenly
aware of these uncertainties, which ap-
ply to the missile forces of both coun-
tries equally.

In short, we view assertions of the im-
minent vulnerability of the U.S. Minute-
man force as premature, to say the least.
A counterforce attack of the type visual-
ized in current “worst case” scenarios is
an immensely complicated and risky
operation that cannot be described ad-
equately by any mathematical model.
Therefore it is wrong to treat predictions
made on the basis of such models as
pragmatic guides for action. Such pre-
dictions are based on calculations that
are inherently approximate and tend to
ignore many factors that, if they were
taken fully into account, would in al-
most every instance tend to reduce the
resulting vulnerability figures. There-
fore the assertion that the U.S. Minute-
man force can now or in the near future
be destroyed with any degree of assur-
ance by an all-out Russian counterforce
attack seems to us to be a careless over-
simplification, if not a deliberate exag-
geration.

Nevertheless, there is little doubt that
in the long run fixed land-based
missiles will appear to become increas-
ingly vulnerable to a MIRV attack. If
this perception were to be transformed
into a conviction in the minds of an op-
posing country’s leaders, then under cer-
tain circumstances it is conceivable they
might be persuaded to attempt such an
attack. Conversely, if either side were to
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CONSIDERABLE UNCERTAINTY introduced into the calculation of the overall vulnera-
bility of the Minuteman force by various uncertainties inherent in the determination of the ac-
curacy, yield and reliability of the Russian MIRVed missiles is reflected in this graph, which
is adapted from Secretary of Defense Harold Brown’s defense-posture statement to Congress
for 1980. The solid-color curve is Department of Defense’s “best estimate” through 1988 of
Minuteman “survivability” following a Russian attack. The light-color band represents range
within which the estimate of Minuteman survivability has a “90 percent confidence level.”

become convinced that its own ICBM
force appeared vulnerable to the other
side, then in a time of crisis the fear of a
surprise attack by the opponent might
provide a strong incentive to preempt
the opponent by launching one’s own
missiles first. In both cases the appear-
ance of vulnerability could be as dan-
gerous as the vulnerability itself.
Under what circumstances would the
appearance of Minuteman vulnerability
be likely to tempt the Russian leaders to
launch an attack against the U.S. ICBM
force? Since most of the Russians’ stra-
tegic nuclear warheads are carried by
land-based ICBM’s, and since in the ab-
sence of any new strategic system the
Minuteman force is the only part of the
U.S. strategic arsenal that is theoreti-
cally capable of attacking the Russian
ICBM force with any chance of destroy-
ing it, one possibility is that the U.S.S.R.
could decide to attack the Minuteman
missiles preemptively in order to pro-
tect its own land-based missiles. It does
not appear, however, that the Russians’
ICBM force can realistically be consid-
ered to be threatened with extermina-
tion by an all-out Minuteman attack, be-
cause it can be shown that a substantial
fraction of the Russian ICBM force
would survive such an attack. Since
there is no reason to believe the Russian
leaders would feel that their land-based
ICBM force was threatened by the Min-
uteman force, it follows that they would
not be motivated by such a hypothetical
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threat to attack preemptively, even if
they believed the Minuteman force was
vulnerable.

There are several factors that would
tend to minimize the likelihood of a sur-
prise Russian attack intended to elim-
inate the Minuteman force. For one
thing, the Russians could never be sure
that the U.S. had not adopted a “launch
on warning” policy for at least part of
the Minuteman force. In addition there
is little if any reason for them to believe
the U.S. would not counterattack imme-
diately against the U.S.S.R. with its sur-
viving ICBM’s, SLBM’s and bombers. It
would therefore be illogical for the Rus-
sians to attack only Minuteman silos;
they would have to attack all three com-
ponents of the U.S. strategic triad simul-
taneously, expecting to disable them all.
This task, however, is impossible to car-
ry out successfully because of the differ-
ent time constraints of an attack against
each of the three components, the vary-
ing degrees of vulnerability that each
one has and the dependence of this vul-
nerability on the element of surprise.

Finally, in view of the severity of the
outcome of any massive nuclear ex-
change, one would expect that prudent
political leaders would join even a lim-
ited nuclear conflict reluctantly and
would escalate it gradually, always with
an eye to war-termination opportunities
that would minimize their losses. It is
difficult to escape the conclusion that
given the current array of strategic sys-
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tems on both sides, even if the military
leaders of the U.S.S.R. were convinced
that the Minuteman force was vulnera-
ble, no responsible political leader in
that country would be willing to risk
the consequences of a preemptive, first-
strike attack.

Nevertheless, the perception of Min-
uteman vulnerability, even if it is tech-
nically unfounded and irrational, may
well generate political problems for
the U.S. Government, both domestical-
ly and internationally. As a result, al-
though there is no compelling military
reason to move precipitately into mea-
sures designed to alleviate the perceived
vulnerability of the Minuteman force,
there are pressing political considera-
tions pointing in that direction. The
most pragmatic response, from both the
economic and the strategic point of
view, to the current problem would be
to do nothing; it is not unreasonable,
however, to explore alternatives that
could offer some relief of the perceived
Minuteman vulnerability.

In the remainder of this article we shall
consider three such alternatives. The
first would be to attempt to return to the
“good old days” of unMIRVed ICBM’s.
The second would be to try to reduce the
vulnerability of the Minuteman silos by
applying existing defensive technology.
The third would be to proceed with the
construction of one or more entirely
new missile systems designed to avoid
the vulnerability problem.

The first option would require that
both the U.S. and the U.S.S.R. abandon
their large MIRVed ICBM’s and con-
struct a new land-based force consisting
of comparatively small single-warhead
missiles in superhardened silos. This ap-
proach would ensure that there would
be no strategic advantage to attacking
the other nation’s land force preemp-
tively, as long as the two forces re-
mained approximately equal, since the
attacker would have to expend at least
one missile for each enemy missile at-
tacked.

It is an attractive option, since it
would make a surprise countersilo at-
tack unprofitable and would reverse the
strategic arms race. It suffers, however,
from several shortcomings. First, elim-
inating MIRVed missiles could revive
interest in anti-ballistic-missile (ABM)
defenses, particularly the exotic space-
based systems that have recently been
speculated on. Second, it is only a matter
of time before the new ICBM’s in their
silos would become vulnerable to very
accurate sea-based warheads. In fact,
with the aid of the “global positioning
system” of satellites that the U.S. will
probably have in full operation by the
mid-1980’s, warheads from SLBM’s
could be accurate enough to destroy
fixed land-based missiles with a high de-
gree of confidence. Although the opera-
tional difficulties of such a sea-based at-
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tack against an entire land-based ICBM
force would be formidable, the land-
based force of the U.S.S.R. could appear
vulnerable to the MIRVed SLBM’s of
the U.S. as early as the late 1980’s. The
same would undoubtedly be true of U.S.
land-based ICBM’s some years later.

This “return to the good old days”
option is one of several possible ways to
seek strategic stability through arms-
limitation negotiations. Indeed, it could
be thought of as a stage in a process that
would lead to the eventual elimination
(perhaps by mutual agreement at some
later stage of SALT) of all fixed land-
based missiles on both sides. After all,
nuclear disarmament, not just strategic
stability, remains a valid long-term goal,
even though it may appear utopian in
the present political atmosphere.

The second option open to the U.S.
would be to reduce considerably the ac-
tual and perceived vulnerability of the
Minuteman force by installing local silo
defenses, as was proposed a few years
ago by Richard L. Garwin. Such defen-
ses might consist of jamming devices to
confuse the radar altimeters in the fus-
ing mechanisms of the Russian reentry
vehicle or radar-triggered buried nucle-
ar explosives that would lift a curtain of
debris into the path of the incoming
warhead. Since dirt and dust take a long
time to settle to the ground, such a cur-
tain could protect the silo for up to an
hour. One disadvantage of this scheme
is that even if low-radiation nuclear ex-
plosives were used, it would still be po-
litically unpalatable to detonate numer-
ous nuclear devices on one’s own soil
and create a distinct, even if limited, ra-
dioactive-fallout hazard. To be sure, the
existence of these defenses could make
a Russian attack, which would create
vastly larger quantities of fallout, much
less probable. Nevertheless, local re-
sistance to such a Minuteman defense
scheme is likely to be considerable.

A variant of Garwin’s silo-defense
scheme would be to install two small
upward-looking radars north of each
silo in order to determine the approx-
imate trajectory of an incoming war-
head. Then, about a kilometer from
the silo, the warhead would be met by
tens of thousands of minirockets, each
one weighing no more than about 200
grams, fired from hardened launchers.
This protection system could ultimately
be defeated by a combination of nucle-
ar explosions near the radars and by
the deployment of several warheads per
silo. Since there are 1,000 Minuteman
silos, however, the enemy would have to
expend many thousands of warheads to
penetrate the protective system and at-
tack them. (The proposed system would
not utilize the guided missiles and ABM
radars prohibited by the ABM treaty;
nevertheless, a separate agreement that
would allow installation of the system
might have to be negotiated between the
U.S. and the U.S.S.R. so that it would
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not even appear to violate the treaty.)

The chief advantage of such silo-pro-
tection systems is that they could be de-
ployed fairly quickly and therefore be
in place by the mid-1980’s, when the
appearance of Minuteman vulnerability
might otherwise become alarming. All
the other policy options designed to
counter this vulnerability cannot be
expected to become effective before
the early 1990’s. The suggested protec-
tive devices could not protect the silos
with absolute certainty, but they could
decrease the expected number of de-
stroyed silos to the point where the op-
ponent would be forced to expend such
a large portion of his counterforce war-
heads that the attack would be almost
self-disarming. Furthermore, this ap-
proach would increase the uncertainty
of the outcome of a countersilo attack
and complicate it to such an extent that
its planning would be made more diffi-
cult and the political decision to execute
it would be made even more improba-
ble. Such passive or quasi-passive defen-
ses could be comparatively inexpensive.
Since they would increase the safety
of existing land-based ICBM’s without
threatening the assured-destruction po-
tential of the opponent, they could re-
duce the fear of a surprise attack against
Minuteman silos without interfering
with the basic strategy of deterrence that
has influenced the complexion of the
strategic confrontation between the U.S.
and the U.S.S.R. A weakness of this ap-
proach appears to be its lack of techno-
logical novelty, an aspect that seems to
diminish its attractiveness to military
planners.

he third option the U.S. could exer-

cise to avoid the perceived vulnera-
bility of the Minuteman force would
be to construct an entirely new missile
system and base it in such a way that
it would be impervious to a surprise
Russian attack. According to current
plans, a new missile of this kind, known
as MX (“missile experimental), would
be deployed; the missile would weigh
about 95 tons, would carry 10 large and
very accurate warheads and could be
launched quickly and reliably. Its large
throw weight, high accuracy and the
contemplated number and size of its
warheads are favored by those military
and civilian defense analysts who be-
lieve the U.S. must have a countersilo
capability comparable to that attribut-
ed to the Russians’ large SS-18 missile.
They believe a large new missile of this
type would restore the strategic equality
between the two countries that would
be visibly altered after 1990, when the
U.S.S.R. could have the perceived ca-
pability of destroying the Minuteman
force. The main disadvantage of such
a countersilo missile would be that no
matter how it was based it would threat-
en the survivability of the land-based
ICBM’s of the U.S.S.R. It would there-
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MOBILE BASING SCHEME currently favored by the Carter Ad-
ministration for the MX missile calls for the construction of some
200 “closed loop” roads, along each of which there would be a sys-
tem of spur roads leading to 23 horizontal protective shelters (top).
Each missile would be assembled in a specially designated open area
in full view of Russian reconnaissance satellites. The missile could
then be carried around the road from shelter to shelter periodically by
a 700,000-pound “transporter-erector-launcher vehicle” (bottom). in
the event of an early warning of a Russian attack the vehicle would
drive at a speed of about 30 miles per hour into one of the shelters, any
of which could be reached during the 30 minutes it would take for
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a Russian ICBM to reach the U.S. Since the Russians could not know
which shelter the missile would be in at the time of arrival of the at-
tacking warheads, they would have to expend a large number of war-
heads against each mobile missile to be reasonably sure of destroying
it. The roof of each horizontal shelter would be equipped with several
“plugs,” which could be removed at agreed-on intervals to enable the
Russians to verify that there was only one MX missile per cluster of
shelters. According to the authors’ analysis a 200-missile MX force
deployed in this way would be less vulnerable to a Russian counter-
force attack than the 1,000-missile Minuteman force only if each
shelter were superhardened and the shelters were built farther apart.
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fore probably elicit from that country a
response that could prove to be not in
the ultimate interest of the U.S.
Several options have been proposed
for the mode of deployment of this new
missile that, in principle at least, would
make it harder to target by Russian
ICBM’s. One option would be to con-
ceal the missiles on vehicles circulating
on tracks housed in underground tun-
nels. Because the hardness of the tunnel
would be limited by economic factors,
however, the missile would still be vul-
nerable; not only would the tunnel pre-
sent a fairly soft, extended target to an
attacker (in contrast to the “hard point”
target presented by a Minuteman silo)
but also by assigning widely separated
aim points along the tunnel a massive

Russian attack could avoid the “fratri-

cide” effects that limit to two the num-
ber of warheads that can be effective-
ly allocated against a hard-point target
such as a silo.

Another possible land-basing mode
for the MX would be to construct a sys-
tem of approximately 25 concrete shel-
ters connected by a road along which
a missile could be transported rapidly
from shelter to shelter in some random
fashion, one such complex for each of
200 missiles. The idea here would be

simply to make the number of targets
a large multiple of the number of mis-
siles. Of course, one could never be sure
that an opponent would not be able at
some time in the future to devise a tech-
nology, involving either reconnaissance
satellites or clandestine ground observ-
ers, that would make it possible to de-
tect which shelters housed a missile
and which were empty at any one time,
thereby vitiating the purpose of this bas-
ing mode. Accordingly either the rest of
the shelters would have to be filled with
dummy missiles indistinguishable in
every detectable physical characteristic
from the real missile or the transporter
would have to be able to dash from one
shelter to any other in the time available
between the detection of a massive ene-
my attack and the arrival of the attack-
ing warheads. (The latter scheme is re-
ported to be the one currently favored
by the Carter Administration.) Unless
the U.S. were to agree with the U.S.S.R.
beforehand on a mutually acceptable,
common multiple-shelter basing mode,
however, there is no guarantee that the
U.S.S.R. would in turn deploy a multi-
ple-shelter system that would meet U.S.
verification requirements. If the U.S.
were to proceed to deploy the MX mis-
sile in a basing system of its choice with-

UTAH
\ ARIZONA
NEW MEXICO
; Y M
b ]
Y} ;‘I-\

)

POSSIBLE MX DEPLOYMENT SITES include large tracts of Federally owned desert-valley
land in the southwestern U.S. (colored areas). According to current plans the loop roads would
be open to the public. Each of 4,600 shelters would be fenced into a 2.5-acre security zone.
Thousands of additional shelters would be built if perceived Russian threat were to increase.
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out prior agreement with the Russians,
what would stop the Russians from de-
ploying a similar missile in a basing sys-
tem of their choice and then asserting
that it is verifiable?

Given the obvious inadequacy of “na-
tional technical means” of inspection in
such a situation, how long could any
future arms-limitation agreement with-
stand the suspicions now prevailing in
both the U.S. and the U.S.S.R. even
toward agreements whose verifiability
by national means can hardly be in any
serious technical doubt? With or with-
out dummy missiles, however, such a
basing scheme would not offer long-
term protection to the U.S. land-based
force, since the U.S.S.R. could choose
to attack all the shelters. Adding more
shelters would probably be a losing
game because the incremental cost of
adding one warhead to the Russians’
ICBM force would probably be less
than that of adding a shelter to the pro-
posed U.S. system.

he large area of such a horizon-

tal shelter directly exposed to the
overpressure from a nuclear explosion
would result in hundreds of millions
of pounds of load on the protective
structure, even from the explosion of a
750-kiloton warhead as much as 500 me-
ters away, calling for unusually strong
and therefore extraordinarily expensive
structures for reasonable protection.
Unless the shelters were superhardened
to withstand more than 1,000 pounds
per square inch of pressure or were
spread out over areas considerably larg-
er than those contemplated in the
schemes discussed publicly so far, it
would be possible to target an attack so
that one warhead could destroy more
than one shelter. In the absence of any
constraints on the number of warheads
in the attacking nation’s arsenal, any
multiple-shelter system could ultimate-
ly be defeated. The U.S.S.R. would be
constrained until 1985 by the SALT II
agreement to about 7,000 land-based
warheads. After that date, however, it
would be free to deploy as many war-
heads as it wanted to unless a new strate-
gic-arms-limitation agreement were to
at least maintain this constraint. Hence
the survivability of any multiple-shelter
basing mode is completely dependent
on the cooperation of the U.S.S.R. in
future SALT negotiations.

In addition to the unfavorable protec-
tion-to-cost ratio the various multiple-
shelter missile-basing modes would of-
fer, they would suffer from several fur-
ther disadvantages. First, their missiles
would be more susceptible than the cur-
rent Minuteman missiles to a “pin
down” attack. (In other words, their
launching could be impeded for a con-
siderable time by the explosion of an
enemy warhead in the atmosphere
above the missile launcher, even though
the explosion would not damage the



missile.) Second, these schemes would
not start offering credible protection to
the land-based strategic force of the
U.S. until the number of existing missile
shelters exceeded the very large num-
ber of warheads the U.S.S.R. would
have available for a preemptive attack
against them. That threshold, however,
might not be reached before 1990, even
if the ceilings established by SALT II
were extended beyond 1985. Further-
more, since in case of war each cluster
of shelters would require numerous
ground-burst warheads for their de-
struction, they would introduce addi-
tional grave danger to the U.S. popula-
tion by causing delayed radioactive fall-
out to the east of their sites. This effect
might be mitigated by the decreased
probability of a Russian countershelter
attack, but only if these basing modes
were to scem to the Russians to be virtu-
ally impossible to defeat. All the pro-
posed multiple-shelter basing modes
would have the additional environmen-
tal disadvantage of disrupting large ar-
eas in the proposed deployment regions
in the southwestern U.S.

Consider also the opportunity such an
approach would give the Russians for
openly abrogating an agreement limit-
ing the number of real missiles in their
multiple-shelter system. Given a large
number of available shelters, the Rus-
sians could manufacture and store clan-
destinely thousands of MIRVed mis-
siles. Then they could suddenly abro-
gate the agreement and quickly deploy
these missiles in the preexisting hard-
ened shelters.

Such an augmentation of the Rus-
sians’ land-based force would cost them
only a small fraction of the expense of
the entire force, since the protective
shelters that would receive the missiles
would already have been paid for.
Hence a multiple-shelter basing scheme
would militarily and economically
tempt renunciation of numerical ceil-
ings established in any future agree-
ment between the U.S. and the U.S.S.R.
Such a sudden abrogation of any future
SALT agreement, accompanied by the
overt deployment of thousands of ad-
ditional warheads, would give the
U.S.S.R. an enormous military advan-
tage. Protected as these warheads would
be in the preexisting shelters, they could
be used to threaten violence to the U.S.
without resort to a catastrophic nuclear
war. Even if the U.S.S.R. did not resort
to such chicanery, however, the security
of the U.S. mobile force would still de-
pend on the successful conclusion of fu-
ture SALT agreements that constrained
the number of Russian warheads.

In short, the deployment of very ac-
curate  MIRVed ballistic missiles
appears to have permanently deprived
land-based ICBM forces of the assur-
ance of credible survivability they had
in the past. The remaining choices for

the U.S. are to learn how to live with
land-based ICBM’s that have some de-
gree of vulnerability, to abandon land-
based MIRVed missiles or to limit all
new ICBM deployment to specially
equipped aircraft and submarines.

Short-takeoff-and-landing (STOL)
aircraft, for example, appear to offer
better missile survivability than a multi-
ple-shelter basing mode, given adequate
warning of a Russian attack. This weap-
ons system could consist of some 200
STOL aircraft, each carrying a single
missile with between six and eight war-
heads. The system would presumably be
designed to take advantage of the fact
that the missile would be launched thou-
sands of meters above the ground in or-
der to make the ratio of the missile’s
payload to its gross weight greater than
it is for ground-launched missiles. The
planes could be deployed at about 100
bases, but they could be dispersed and
moved at random among several thou-
sand small airfields available around
the country. On warning of a massive
launch of Russian SLBM’s the aircraft
could escape to additional thousands of
predetermined sites on the Federal high-
way network, making the preemptive
targeting of all possible landing sites for
the aircraft impossible.

Mobile ICBM’s carried by transport
aircraft offer several military advan-
tages over a tunnel-based or multiple-
shelter system. Their mobility, in con-
junction with early-warning systems,
quick alert and takeoff capabilities and
several levels of basing, guarantees very
high survivability, even in the case of an
all-out barrage of SLBM’s. The aircraft
could be launched on warning of attack,
but the missiles on board would not
have to be fired toward their targets
immediately. Although the missile that
might have to be used in conjunction
with an airborne basing mode would
carry no more than eight MIRV’s, its
accuracy could be as good as that of a
shelter-based missile. Finally, since an
airborne system would be truly mobile,
it would not tempt an enemy to acquire
an unlimited number of warheads in the
hope of making it vulnerable. Therefore
the survivability of this system would
depend neither on Russian adherence to
agreed-on numerical ceilings on missiles
and warheads nor on the outcome of
future SALT negotiations.

In spite of the many advantages of an
air-launched ICBM system, it would not
be a short-term solution to the problem
of the perceived vulnerability of land-
based ICBM’s. Certainly a decade and
perhaps more would be necessary to de-
velop, test and deploy such a system.
The weakness of the system would be
that in times of crisis hundreds of nu-
clear weapons would be circulating in
the air over the country and would be
moved from airfield to airfield with little
physical security, exposing the weapons
both to accidents and to possible sab-
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TNT)
= =1
ACCURACY
(CEP IN 2 (MM 1)
NAUTICAL | .12 (MM i1y 05
MILES) }

SPECIFICATIONS for the proposed MX mo-
bile ICBM call for a substantially larger mis-
sile than the two existing Minuteman ICBM’s.
The MX would be capable of carrying a pay-
load more than three times greater than that
of either of the other missiles, and hence it
could deliver a much larger number of nu-
clear warheads. The accuracy of the MX, es-
timated here in terms of C.E.P. in nautical
miles, would also be considerably improved.
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otage. Moreover, the system would re-
quire an extensive and well-orchestrated
(therefore often rehearsed) support net-
work that could prove both expensive
and awkward.

Another basing option, proposed in
Congressional testimony by Garwin and
Sidney D. Drell, would involve small
submarines that could carry a few mis-
siles each in canisters outside a pressur-
ized hull; the submarines, which could
be powered by inexpensive non-nucle-
ar power plants capable of generating
speeds of a few knots, would loiter over
the continental shelf. Since the total area
of the ocean over the U.S. continental
shelf is 400,000 square miles, a satura-
tion attack against such vehicles is prac-
tically impossible. The submersibles
could be counted by national techni-
cal means of verification, and therefore
they would not present any arms-limita-
tion difficulties or open the way for un-
pleasant military surprises, such as a
sudden abrogation of the SALT Il treaty
by the U.S.S.R. induced by the inability
to verify their numbers confidently. The
proposed submersibles could, for exam-
ple, carry two missiles each, have an on-
station endurance of a month and be
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operated by a crew of fewer than 20.
Their survivability would not depend on
any warning and would not be threat-
ened by preemptive attack or by any
Russian antisubmarine-warfare activi-
ties, since they would be deployed in ar-
eas of the seas firmly controlled by U.S.
surface ships and submarines. Although
at any one time some of these submers-
ibles would be in port for crew changes
and maintenance and therefore be vul-
nerable to a surprise Russian attack, the
short distances the small submersibles
would have to travel to reach their battle
stations would make it possible to have
about 80 percent of them on station (and
therefore impervious to preemptive at-
tack) at any given time. The accuracy of
the missiles launched from such a sys-
tem could be guaranteed to be as good
as that of land-launched ICBM’s.

Such a coastal submarine-based sys-
tem could not be ready for deployment
in the next decade or so. Therefore this
system shares with the air-mobile sys-
tem and the multiple-shelter basing
mode the disadvantage that its unavaila-
bility for many years might mandate the
need for intermediate remedial mea-
sures (such as local defenses for Minute-
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LOCAL SILO DEFENSES, such as the system illustrated here, could be installed fairly quick-
ly, applying existing technology, to reduce the actual and the perceived vulnerability of the
Minuteman force to a Russian counterforce attack in the mid-1980’s. This particular scheme,
originally proposed by Richard L. Garwin, calls for the installation of two small upward-look-
ing radars a few kilometers north of each silo to determine the approximate trajectory of an
incoming warhead. Hardened rocket launchers situated about a kilometer from the silo could

then fire tens of thousands of minirockets at the

warhead in order to disable it. This compara-

tively inexpensive alternative to the mobile MX missile would have a number of military and
political advantages, not least of which is that it would not upset the stability of the present stra-
tegic balance by threatening the deterrent capability of the Russian land-based ICBM force.
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man silos), which would add to the over-
all cost of restoring invulnerability to
the ICBM component of the U.S. stra-
tegic triad.

In sum, much as one might like to ad-
vocate a return to the ‘“good old
days” of unMIRVed land-based mis-
siles, both as an immediate solution to
the perceived problem of Minuteman
vulnerability and as a step in the right
direction toward limiting the strategic
nuclear arsenals of the U.S. and the
U.S.S.R,, this option appears remote in
time and distant as a political and mili-
tary reality. On the other hand, the U.S.
need not rush into a new land-based
ICBM system out of fear of the imme-
diate vulnerability of the Minuteman
force. Alarmist public descriptions of
this vulnerability are exaggerated and
misleading because they ignore the in-
herent uncertainties of a forcewide at-
tack and are based on the assumption of
a strategic scenario that is implausible
on both political and military grounds.
The actual vulnerability of the Minute-
man force is very much open to ques-
tion. Our own view is that the most like-
ly outcome of even a concerted Rus-
sian countersilo attack during the late
1980’s would be the survival of a signif-
icant fraction of the Minuteman force.

More important, the land-based Min-
uteman force carries only about a third
of the total equivalent megatonnage of
the U.S. nuclear strategic arsenal; the
other two-thirds is carried by the SLBM
force and the bomber force. Since only a
small fraction of the total U.S. equiva-
lent megatonnage is assigned to indus-
trial and other economic targets in the
U.S.S.R. as a part of the strategy of de-
terrence, even if in the course of an un-
expectedly successful Russian attack the
U.S. were deprived of all its land-based
ICBM’s, it would still be left with about
half of its strategic nuclear force avail-
able for retaliatory attacks against Rus-
sian military targets.

The installation of local silo defenses,
after prior discussions with the U.S.S.R.
aimed at maintaining the ABM treaty
unchallenged, would increase the actual
and perceived security of the Minute-
man force, decrease crisis instability and
minimize still further the probability of
a large-scale counterforce nuclear ex-
change. In such a strategic environment
the U.S. and the U.S.S.R. could then at-
tempt in future SALT negotiations to
return as far as possible to the “good old
days” of unMIRVed ICBM’s and per-
haps even go beyond that. If, on the oth-
er hand, such negotiations were to ap-
pear unpromising, the U.S. would still
have plenty of time to develop other
strategic systems, such as an underwater
ICBM force deployed along the conti-
nental shelf of the U.S., that would offer
a better solution than the land-based
MX to the perceived problem of Min-
uteman vulnerability.



AIRBORNE ICBM’s have been proposed as an alternative mobile
basing mode to the multiple-shelter scheme. A system of this type
could entail the deployment of some 200 short-takeoff-and-landing
(STOL) aircraft, each carrying one missile, at some 100 major air-
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UNDERSEA ICBM’S carried by a fleet of small, non-nuclear sub-
marines deployed over the U.S. continental shelf would provide an-
other alternative to the land-based MX. The submarines could carry
two missiles each in canisters outside their pressurized hull. Since the
submarines would be deployed in areas of the seas firmly controlled
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fields. Given adequate warning of a Russian attack, the aircraft could
escape to any of several thousand smaller airfields or even to prede-
termined sites on the Federal highway system. Such a system would
appear to be much less vulnerable than the land-mobile MX system.

e

by the U.S,, they would be essentially invulnerable. With the aid of a
ground-based or satellite-based ‘“global positioning system” the ac-
curacy of the missiles launched from such a system could be as good
as that of land-launched ICBM’s. Neither of the systems depicted
on this page could be ready for deployment in less than a decade.
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The Causes of Diabetes

There are two major types of diabetes: the maturity-onset form and

the juvenile-onset form. Juvenile-onset diabetes appears to develop

from a complex interaction between genetic makeup and environment

iabetes mellitus and its complica-
D tions are now thought to be the
third leading cause of death in
the U.S, trailing only cardiovascular
disease and cancer. According to a re-
port issued by the National Commission
on Diabetes in 1976, as many as 10 mil-
lion Americans, or close to 5 percent of
the population, may have diabetes, and
the incidence is increasing yearly. The
direct and indirect effects of diabetes
on the US. economy are enormous, ex-
ceeding $5 billion per year. If current
trends continue, the average American
born today will have better than one
chance in five of ultimately developing
the disease. The likelihood of becoming
diabetic appears to double with each
decade of life and with every 20 percent
of excess body weight.

Moreover, although the acute and
often lethal symptoms of diabetes can
be controlled with insulin therapy, the
long-term complications of the disease
reduce life expectancy by as much as a
third. Compared with nondiabetics, dia-
betics show a rate of blindness 25 times
higher, of kidney disease 17 times high-
er, of gangrene five times higher and of
heart disease twice as high.

Many aspects of diabetes remain mys-
terious, but recent work in three seem-
ingly unrelated fields—genetics, immu-
nology and virology—has supported the
contention that diabetes is a heteroge-
neous group of diseases rather than a
single one. This work has also indicated
that diabetes arises from a complex
interaction between the genetic constitu-
tion of the individual and specific envi-
ronmental factors.

Diabetes mellitus is an ancient dis-
ease. The earliest description of its
symptoms is found in the Ebers papyrus
of Egypt, dating back to 1500 B.c. In the
second century A.D. Aretaeus of Cappa-
docia named the disease diabetes, the
Greek word meaning “to flow through
a siphon.” “Diabetes,” he wrote, “is a
strange disease that consists in the flesh
and bones running together into the
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urine.” This was an imaginative descrip-
tion of the striking symptoms of dia-
betes: a copious flow of urine accom-
panied by extreme thirst and hunger,
but nonetheless resulting in the wasting
away of both muscle and fat, often end-
ing in coma and death. In the sixth cen-
tury Indian physicians recognized that
the urine from diabetic patients had a
sweet taste. It was not until the 18th
century, however, that the sweet-tasting
substance was identified as the sugar
glucose and the word mellitus, or “hon-
eyed,” was added.

One of the first clues to the patholo-
gy underlying diabetes came in 1889,
when Oscar Minkowski and Baron Jo-
seph von Mering,workingin Strasbourg,
sought to determine whether the pan-
creas was essential to life. By careful
surgical procedures they removed the
pancreas from dogs. A probably apocry-
phal story has it that the day after the
operation the caretaker in the laborato-
ry noticed that the dogs’ urine attracted
an unusual number of flies. In any event
Minkowski and von Mering analyzed
the urine and found in it high levels of
glucose, indicating that removal of the
pancreas gave rise to a syndrome resem-
bling diabetes. This finding strongly im-
plied that the pancreas was secreting a
substance that regulated the metabolism
of glucose.

In 1909 the hypothetical antidiabetic
substance secreted by the pancreas was
given a name: insulin. All attempts to
alleviate experimental diabetes by feed-
ing pancreatectomized dogs raw pan-
creas or by injecting them with crude
pancreatic extracts, however, were un-
successful. It is now known that such ex-
periments were bound to fail because
insulin is a protein, and that when it is
given orally, it is destroyed by protein-
cleaving enzymes in the gastrointestinal
tract and by similar enzymes present in
crude pancreatic extracts. As a result
definitive proof of the existence of insu-
lin was not forthcoming until two Cana-
dian investigators, Frederick G. Banting
and Charles H. Best, extracted insulin
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from dog pancreases that they had pre-
viously depleted of protein-cleaving en-
zymes. On July 30, 1921, Banting and
Best injected their pancreatic extract
into a diabetic dog. Within hours the
glucose level in the blood began to fall.
News of the experiment spread rapid-
ly, and in a short time insulin was be-
ing widely and successfully employed
to treat the acute symptoms of diabetes
mellitus in human beings. The discovery
of insulin was hailed as a cure for dia-
betes because it lowered blood-glucose
levels, controlled the acute symptoms
of the disease and prevented the death
from coma that sometimes came within
days after the onset of symptoms.

Evidence that all was not well only
became apparent years later. Diabetics
who had been on insulin for a long time
were found to have an unusually high
incidence of heart attacks, stroke, kid-
ney failure, gangrene and blindness.
Disorders of the nerves, the skin and the
mouth were also common, and particu-
larly serious complications arose during
pregnancy. Insulin treatment thus con-
trolled the early symptoms of diabetes
but not the development of long-term
complications.

What causes diabetes and its compli-
cations? Since the time of Banting
and Best much has been learned about
insulin and how it controls glucose lev-
els in the blood. The pancreas has two
distinct components: the acinar cells,
which manufacture digestive enzymes
and secrete them into the duodenum
(the first segment of the small intestine),
and the islets of Langerhans, which se-
crete a variety of hormones into the
bloodstream. The pancreas has between
one and two million islets, each islet
about 200 microns in diameter and to-
gether accounting for about 2 percent of
the mass of the organ. The islets are
highly vascularized, and each islet cell is
in close proximity to a capillary.

There are at least four different types
of cells in each islet. The alpha cells,
which make up about 20 percent of a



typical islet, secrete the hormone glu-
cagon. The beta cells, which make up
about 75 percent of the islet, secrete in-
sulin. Insulin and glucagon act in differ-
ent ways; whereas the secretion of insu-
lin lowers the level of glucose in the
blood, the secretion of glucagon raises

it. The delta cells secrete the hormone
somatostatin, which inhibits the secre-
tion of both insulin and glucagon, and
the PP cells secrete pancreatic polypep-
tide hormone, the function of which is
not yet clear. Although the concentra-
tion of glucose in the blood is main-

tained at a more or less constant level by
the actions of insulin, both glucagon and
somatostatin play an important modu-
lating role.

In normal individuals the concentra-
tion of glucose is usually less than 115
milligrams per 100 milliliters of plasma,

INSULIN-CONTAINING BETA CELLS within an islet of Langer-
hans in the pancreas glow orange in the fluorescence micrograph at
the left. They were made visible by treating a section of human pan-
creas with an antibody specific to insulin and labeled with rhodamine
dye, which glows orange when it is illuminated with ultraviolet. The
dark spot within each fluorescent cell is the cell nucleus; the sur-
rounding acinar cells of the pancreas do not contain insulin and hence
appear black. The micrograph at the right is of a section of pancreas

VIRUS-INFECTED BETA CELLS are revealed in this immunoflu-
orescence micrograph. A section of pancreas from a mouse infected
with reovirus was stained with two antibodies: a rhodamine-labeled
antibody to insulin and a fluorescein-labeled antibody to the virus.

from a mouse infected three days earlier with encephalomyocarditis
(EMC) virus. It was stained with antibody to the virus that was labeled
with fluorescein dye, which fluoresces green when it is illuminated
with ultraviolet. Only the cells within the islet of Langerhans are in-
fected; the surrounding acinar cells are not infected and appear dark.
Such experiments have shown that viruses can destroy beta cells and
induce diabetes in experimental animals. The micrographs were made
by A. Bennett Jenson and Kozaburo Hayashi in author’s laboratory.

Depending on the filter employed in the fluorescence microscope, the
beta cells could be made to glow orange and the virus-infected cells
to glow green. In the double exposure shown here the fluorescent col-
ors mix so that some of the virus-infected beta cells appear yellow.
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PANCREAS is situated in the abdominal cavity just below the liver
and under the stomach. It is bordered on one side by the duodenum
(the first segment of the small intestine) and on the other side by the
spleen. The pancreas is made up of two functionally distinct compo-
nents: the acinar cells and the islets of Langerhans, as is shown in
the schematic diagram. The acinar cells, which make up the bulk of
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PANCREATIC DUCT

DIGESTIVE ENZYMES

the pancreas, manufacture digestive enzymes that enter the duode-
num by way of the pancreatic duct. The islets of Langerhans repre-
sent only 1 to 2 percent of the total mass of the pancreas and secrete
several hormones (such as somatostatin and glucagon) in addition to
insulin. These hormones reach the bloodstream by way of numer-
ous small veins in the islets of Langerhans that drain into the liver.
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but in diabetics it is much higher and
in severe cases may reach 1,000 milli-
grams. Because diabetics have a particu-
larly difficult time removing excess glu-
cose from the blood following the inges-
tion of carbohydrates they can be easily
diagnosed by means of a glucose-toler-
ance test. A standard load of glucose is
given by mouth, and the blood-glucose
concentration is measured periodically
over the next few hours. In the normal
individual the blood glucose returns to
base-line levels within two hours. In
the diabetic, however, the blood-glucose
values rise much higher and take longer
to return to the base-line levels.

After the ingestion of a meal the beta
cells of a normal individual respond to
the resulting rise in blood-glucose levels
by secreting more insulin into the blood-
stream. The insulin travels to the vari-
ous organs of the body, interacting with
specific receptors on the surface of the
target cells. The binding of the hormone
to its receptors initiates a series of events
within the cells that results in the in-
creased uptake of glucose into the cells,
where it is converted into metabolic
energy or stored as glycogen (animal
starch) and fat.

It is obvious that pathological proc-
esses intervening anywhere along this
pathway (such as in the pancreas, the
blood or the peripheral tissues) could
result in abnormal glucose metabolism.
For example, the glucose in the blood
would be elevated if the beta cells of the
pancreas did not manufacture enough
insulin, or if there were antagonists to
insulin in the bloodstream, or if the pe-
ripheral tissues of the body did not re-
spond properly to the action of insulin.

The causes of the long-term compli-
cations of diabetes are even more per-
plexing. One of the many complications
is the thickening of the basement mem-
brane that surrounds the wall of capil-
laries. This thickening is believed to con-
tribute to poor peripheral circulation
and to be at least partially responsible
for the fact that many diabetics suffer
from disorders of more than one or-
gan. A number of hypotheses have been
put forward to explain the pathologi-
cal processes that give rise to complica-
tions. One hypothesis holds that in the
diabetic there is a premature aging of
cells, so that the diminution of function
that might be expected late in life comes
much earlier. Indeed, changes charac-
teristic of aging have been observed
when cells from diabetics are cultured in
laboratory glassware, and it has been
suggested that such changes might be
genetically controlled. Another hypoth-
esis suggests that specific metabolic in-
termediates of glucose, such as sorbitol,
accumulate to high concentrations in
tissues such as nerves and the lens of the
eye. This accumulation could lead to
changes in osmotic pressure, causing the
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GLUCOSE-TOLERANCE TEST is a common method for diagnosing diabetes in individuals
whose fasting glucose is not unequivocally elevated. Seventy-five grams of glucose are admin-
istered orally and changes in blood-glucose levels are monitored over several hours. Bottom
curve represents the response of a normal individual, Middle curve shows the response of an in-
dividual who has an impaired glucose tolerance but is not considered truly diabetic. Top curve

represents the response of a diabetic and shows that the bl

cells to swell and thereby damaging the
tissue.

A hypothesis that is currently receiv-
ing considerable attention contends that
high concentrations of glucose in the
blood cause glucose molecules to form
chemical bonds with the amino groups
of cellular proteins, the reaction known
as glycosylation. This process was first
recognized when it was found that in the
blood of diabetics glycosylated forms
of hemoglobin are unusually common.
Many investigators are now beginning
to believe proteins in other tissues, such
as the eye, the nerves and the blood
vessels, may become glycosylated to a
much greater degree in diabetics than
in nondiabetics. The critical question
is whether these changes and others
caused by high concentrations of glu-
cose are genuinely responsible for the
thickening of the basement membrane
of the blood vessels and the other long-
term complications of diabetes. The
question is not merely academic; if a
link between high levels of blood glu-
cose and complications is firmly estab-
lished, then the most prudent course
would be strict therapeutic measures to
keep glucose levels close to the normal
base line.

he different and often conflicting
findings about the nature of diabetes
and its long-term complications have
led many to conclude that it is not a
single disease but rather a heteroge-
neous group of diseases, all of which
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ultimately lead to an elevation of glu-
cose in the blood. Indeed, two major
types of diabetes have been distin-
guished on the basis of clinical evidence:
the maturity-onset type and the juve-
nile-onset type. Long-term complica-
tions can develop in both types, al-
though there is considerable variation
among individuals.

Maturity-onset diabetes is the much
more prevalent type, representing more
than 90 percent of all the cases. It most
often occurs in people who are over 40
and overweight. The onset is slow, and
pathological changes in the pancreas
are not always apparent. Moreover, the
clinical manifestations of maturity-on-
set diabetes are often mild, and the high
glucose levels in the blood can usually
be controlled by diet alone. Although
diabetes is traditionally viewed as a con-
dition caused by a deficiency of insulin,
many maturity-onset diabetics have a
sufficiency or even a surplus of the hor-
mone in the blood. For these individuals
diabetes arises not from a shortage of
insulin but probably from defects in
the molecular machinery that mediates
the action of insulin on its target cells.
Maturity-onset diabetes is accordingly
referred to as non-insulin-dependent di-
abetes.

Again a number of hypotheses have
been put forward to explain maturity-
onset diabetes, and there is little una-
nimity in the field. One of the most
intriguing hypotheses comes from the
work of Jesse Roth, C. Ronald Kahn
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and their colleagues at the National
Institute of Arthritis, Metabolism, and
Digestive Diseases. By measuring the
binding to target cells of radioactively
labeled insulin molecules they showed
that the number of insulin receptors was
decreased in obese patients with maturi-
ty-onset diabetes. When the patients
were put on a weightreducing diet,
however, the number of insulin recep-
tors returned to normal. Roth and Kahn
contend that the increased food intake
associated with obesity leads initially to
the secretion of an excessive amount of
insulin into the circulation. The secreted
insulin then acts through a negative-
feedback process of some kind to reduce
the number of insulin receptors on the
target cells. This decrease in receptors is
thought to make the cells less responsive
to insulin and hence less capable of uti-
lizing glucose. Other investigators pro-
pose, however, that the primary defect
actually arises within the target cells af-
ter insulin has bound to the receptors.
Regardless of the mechanism, most
would agree that the proper control of
diet and body weight is of major impor-
tance in treating this form of diabetes.

Juvenile-onset diabetes is much less
common than the maturity-onset type,
representing well under 10 percent of all
the cases. It usually develops in people
younger than 20, and its onset is more
abrupt. The disease is characterized by a
marked decline in the number of beta
cells in the pancreas (often to less than
10 percent of normal), leading to a defi-
ciency of insulin and an elevation of glu-
cose in the blood. The deficiency of insu-
lin accelerates the breakdown of the
body’s reserve of fat, resulting in the
production of ketones and organic ac-
ids. These metabolites lower the pH of
the blood, producing a condition known
as diabetic ketoacidosis that can result
in death. Because injections of insulin
are required to regulate the level of
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ACTIONS OF INSULIN are summarized. The rise in blood glucose
associated with a carbohydrate meal induces the beta cells in the islets
of Langerhans to secrete insulin into the circulation. The insulin is
then carried in the bloodstream to target cells throughout the body,
where it binds to receptor molecules on the cell surface. This interac-
tion triggers a series of events inside the cells that enhances the uptake
of glucose from the blood and its subsequent breakdown for metabol-
ic energy or storage as glycogen (animal starch) and fat. A defect any-
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blood glucose, this form of diabetes,
which is generally more severe, is re-
ferred to as insulin-dependent diabetes.

Although there is no general agree-
ment on the cause of juvenile-onset dia-
betes, the reduction in the number of
beta cells and the decline in insulin lev-
els long ago suggested that the primary
deficit is at the level of the beta cell.
Over the past few years new informa-
tion has emerged on some of the factors
that might cause beta-cell damage. The
new leads concerning the relation be-
tween genetic and environmental fac-
tors are what I shall now discuss in
depth.

t has been known for some time that
maturity-onset diabetes tends to run
in families and that the likelihood of an
individual’s developing the disease is in-
creased if one parent is diabetic and fur-
ther increased if both parents are. In
contrast, the likelihood of developing
juvenile-onset diabetes is not substan-
tially increased in the offspring of dia-
betic parents. The precise risk of devel-
oping the different forms of diabetes has
been difficult to establish, however, be-
cause of the variety of the diagnostic
criteria and because such variables as
diet, obesity, age, sex and ethnic back-
ground are not always taken into ac-
count. Moreover, since family members
share the same diet and environment, a
high incidence of diabetes in a given
family does not necessarily prove that
genetic factors are involved.

In the hope of distinguishing between
genetic and environmental factors in di-
abetes geneticists began some 40 years
ago to study identical twins: offspring
derived from the same egg who share
the same genes. If diabetes were caused
solely by inheritance, then if one identi-
cal twin developed the disease, the other
twin would be expected to develop it.
The degree of genetic involvement in di-
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abetes can therefore be estimated from
the degree of concordance (both twins
developing diabetes) as opposed to dis-
cordance (only one twin developing dia-
betes).

In the early 1970’s David A. Pyke and
his colleagues at King’s College Hospi-
tal in London reported their findings on
more than 100 pairs of identical twins,
the largest series of twins ever studied.
They found that when one twin of a pair
developed diabetes after age 50, the oth-
er twin developed the disease within sev-
eral years in almost every case. If one
twin developed the disease before age
40, however, the other twin developed
it in only half of the cases. Strikingly,
the majority of the twins over 50 had
non-insulin-dependentdiabetes, whereas
most of those under 40 had insulin-de-
pendent diabetes. Pyke’s findings gener-
ated considerable excitement because
they demonstrated that genetic factors
are predominant in maturity-onset dia-
betes but that additional factors, pre-
sumably environmental, are needed to
trigger juvenile-onset diabetes.

different approach to the genetics of

diabetes has been to investigate the
relation between diabetes and the histo-
compatibility antigens. These antigens—
proteins on the surface of all body cells
with nuclei—are responsible for the fact
that tissue transplanted from one indi-
vidual to an unrelated individual will be
recognized as foreign and will be reject-
ed by the recipient’s immune system.
In man the histocompatibility antigens
are referred to as the HLA system. The
genes coding for the HLA antigens are
on chromosome No. 6 and occupy four
loci along the chromosome designated
A, B, Cand D. The genes at a given locus
are not always the same, and the differ-
ent forms of each gene are referred to as
alleles. An individual can have two dif-
ferent alleles at a given locus, one allele
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where along this pathway could result in diabetes. Possible causes in-
clude destruction of beta cells (a), abnormal synthesis of insulin (b),
retarded release of insulin (c), inactivation of insulin in the blood-
stream by antibodies or other blocking agents (d), altered insulin re-
ceptors or a decreased number of receptors on peripheral cells (¢), de-
fective processing of the insulin message within the target cells (f)
and abnormal metabolism of glucose (g). Current evidence points to
the beta cell as site of the primary defect in juvenile-onset diabetes.



contributed by each parent. In the HLA
system both alleles are expressed as cell-
surface proteins, which can be identified
by laboratory tests and can serve as the
basis for the typing of tissues for trans-
plantation.

A few years after tissue typing be-
came a common procedure a complete-
ly unexpected discovery was made. Cer-
tain of the HLA antigens were found
at unusually high frequency in patients
with specific diseases. For example, the
risk of developing the deformity of the
spine known as ankylosing spondylitis
was found to be 100 times greater in
individuals carrying the HLA antigen
B27. This observation spurred invesfi-
gators in many parts of the world to look
for an association between HLA anti-
gens and other diseases, including diabe-
tes. Jorn Nerup and his associates at the
Steno Memorial Hospital in Copenha-
gen found that the HL A antigens B8 and
B15 were two to three times commoner
in diabetics than they were in nondiabet-
ics. When the Danish workers further
analyzed their data, they made an inter-
esting discovery. The increased frequen-
cy of these HL A antigens was associated
only with juvenile-onset diabetes; there
was no change in the frequency of the
antigens associated with the maturity-
onset disease. It soon became apparent
that there was an even stronger asso-
ciation between juvenile-onset diabetes
and HL A antigens at the D locus. More-
over, when more than one high-risk al-
lele was present in the same individual,
the likelihood of developing juvenile-
onset diabetes was increased by as much
as tenfold.

Further support for an association be-
tween the HLA system and diabetes has
come from the work of A. G. Cudworth
of St. Bartholomew’s Hospital in Lon-
don, Jose Barbosa of the University of
Minnesota Medical School and Pablo
Rubinstein of the New York Blood Cen-
ter, all of whom looked at families in
which two or more siblings had juvenile-
onset diabetes. When they compared di-
abetic and nondiabetic siblings in the
same family, they found that the siblings
with diabetes had inherited identical
groups of HLA alleles in a significantly
greater percentage of cases than the sib-
lings without diabetes. Taken together
with the fact that several different high-
risk alleles have been identified, it now
appears that one or more genes in close
proximity to the HLA complex along
chromosome No. 6 actually may be the
important determinants of juvenile-on-
set diabetes. Recently, however, the
situation has been complicated by the
finding that certain HLA alleles are as-
sociated with a significant decline in
the incidence of juvenile-onset diabetes,
implying protective genes exist as well.

How genes might act to cause diabe-
tes or prevent it is far from clear. One
clue comes from the work of Hugh O.
McDevitt of the Stanford University

THICKENING OF BASEMENT MEMBRANE that surrounds the blood vessels is one of the
long-term complications of diabetes. The electron micrograph at the top shows a capillary from
a normal male; the basement membrane (between arrows) is a thin sheath surrounding the epi-
thelial cells of the vessel. (The dark structures inside the capillary are red blood cells.) The elec-
tron micrograph at bottom shows a capillary from a man with diabetes of 26 years’ dura-
tion. Note that the basement membrane is markedly thickened. This change is thought to con-
tribute to poor peripheral circulation, damage to the retina of the eye and an acceleration of
the atherosclerotic process. The micrographs, the magnification of which is some 23,000 diam-
eters, were supplied by Joseph R. Williamson of Washington University School of Medicine.
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School of Medicine and Baruj Bena-
cerraf of the Harvard Medical School.
They found that specific genes in the
mouse control the immune-response (Ir)
genes and that these genes are in the
same region of the chromosome as the
genes for the major histocompatibility
antigens of the mouse. On the basis of
this evidence it is conceivable that ge-
netically controlled differences in the
immune response influence the devel-
opment of diabetes. For example, the
high-risk alleles associated with the
HLA complex might code for a defi-
cient immune response to agents that
preferentially attack beta cells, thereby
allowing beta-cell damage and diabetes
to result. Conversely, the protective al-
leles might enhance the host’s immune
response to such invaders.

here are other ways the immune re-

sponse might influence the develop-
ment of diabetes. Under certain circum-
stances the host can turn against itself
and react immunologically to its own
proteins and so damage its own tissues;
the phenomenon is known as autoim-
munity. Some five years ago G. Franco
Bottazzo of the Middlesex Hospital
Medical School in London, Richard
Lendrum of St. Mary’s Hospital in Lon-
don and James C. Irvine of the Royal
Infirmary in Edinburgh discovered that
serum from newly diagnosed juvenile-
onset diabetics contains an antibody
that reacts with the alpha, beta and del-
ta cells in the islets of Langerhans from
normal, nondiabétic people. The frac-
tion of juvenile-onset diabetics who pos-
sess this autoantibody is as high as 85
percent at the time of diagnosis but de-
creases to less than 25 percent after two
years. Patients with maturity-onset dia-
betes, however, rarely possess the islet-
cell antibody.

It is tempting to speculate that the
high-risk HLA alleles associated with
juvenile-onset diabetes influence the
development of the islet-cell antibody.
What, however, triggers the production
of the antibody and what role does it
play in causing diabetes? Some investi-
gators believe an imbalance among the
cells of the immune system is respon-
sible for the development of islet-cell
antibody. Others contend that the anti-
body represents an immune response to
components of the islet cells that have
been altered by viruses or toxic chemi-
cals. Still others argue that the islet-cell
antibody has little to do with the basic
disease process, since it is present in the
serum of some individuals who do not
show any sign of diabetes.

The controversy may be resolved by
some forthcoming experiments. Ake
Lernmark and his colleagues at the Uni-
versity of Chicago recently demonstrat-
ed that the islet-cell antibody can react
with antigens on the surface of beta cells
grown in culture. These workers plan to
exploit the cell-culture system to deter-
mine whether the islet-cell antibody can
actually destroy beta cells. Other inves-
tigators are pursuing the possibility that
the critical role in beta-cell damage is
played not by antibody but by white
blood cells such as lymphocytes and
macrophages. Regardless of whether
autoimmunity is an important cause of
beta-cell damage, the islet-cell antibody
appears to be a valuable marker for
identifying juvenile-onset diabetes and
differentiating it from maturity-onset
diabetes.

Both the genetic and the immunologi-
cal studies I have mentioned raised the
possibility that an environmental agent
such as a virus might trigger juvenile-
onset diabetes, perhaps by inducing an
autoimmune reaction. In 1965 Willy

e JUVENILE-ONSET | MATURITY-ONSET
(INSULIN-DEPENDENT) | (NON-INSULIN-DEPENDENT)
AGE AT ONSET USUALLY UNDER20 | USUALLY OVER 40
PROPORTION OF ALL DIABETICS | LESS THAN 10 PERCENT | GREATER THAN 90 PERCENT |
SEASONAL TREND FALL AND WINTER NONE
APPEARANCE OF SYMPTOMS ACUTE OR SUBACUTE | SLOW
METABOLIC KETOACIDOSIS FREQUENT RARE
OBESITY AT ONSET UNCOMMON COMMON
BETA CELLS DECREASED VARIABLE
INSULIN DECREASED | VARIABLE
INFLAMMATORY CELLS IN ISLETS | PRESENT INITIALLY | ABSENT
FAMILY HISTORY OF DIABETES  UNCOMMON | common
HLA ASSOCIATION YES [ NO
ANTIBODY TO ISLET CELLS YES NO

M -

DIFFERENCES between juvenile-onset and maturity-onset diabetes are summarized. The
maturity-onset form is commoner and not as severe. It does not require injections of insulin.
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Gepts of the University of Brussels ex-
amined the pancreas of a number of
juvenile-onset diabetics who had died
shortly after the appearance of their dis-
ease. Gepts found in the islets of Langer-
hans of many of the patients white blood
cells typical of what one might expect in
response to infection or an autoimmune
reaction. Additional support for an in-
fectious process in diabetes comes from
the observation that juvenile-onset dia-
betes often begins abruptly and that the
incidence of the disease is higher in fall
and winter, when infectious diseases are
more prevalent.

he possibility that the infectious

agent might be a virus goes back to
the turn of the century, when H. F. Har-
ris, a Philadelphia physician, observed
that one of his patients developed dia-
betes shortly after having had mumps.
Since that time there have been scattered
reports documenting a temporal rela-
tion between the onset of certain viral
infections and the subsequent develop-
ment of diabetes. The virus most often
implicated has been that of mumps, but
there is still no firm evidence that the
relation between mumps and diabetes
is anything more than a chance associa-
tion. Indeed, if the mumps virus does in-
fect beta cells and cause diabetes in hu-
man beings, it must do so under very
special circumstances. In such cases a
rare strain of mumps virus may be in-
volved, or the individual who develops
diabetes may have an unusual and pos-
sibly genetically determined susceptibil-
ity to the virus.

Evidence that another common virus,
that of rubella (“German measles”),
might be a rare cause of diabetes comes
from the more recent work of Margaret
Menser, Jill Forrest and their colleagues
in Australia. They found that in children
and adults who had contracted rubella
while still in the uterus the incidence of
diabetes was considerably higher than
normal. Because congenital rubella is
notorious for giving rise to a variety of
malformations, however, the cause of
diabetes in these individuals is far from
clear.

Probably the best evidence that virus-
es may be involved in the genesis of
diabetes has come from studies with ex-
perimental animals. In 1968 John E.
Craighead, who is now at the Universi-
ty of Vermont College of Medicine, was
studying a variant of encephalomyocar-
ditis (EMCQ) virus. This virus causes en-
cephalitis and myocarditis in mice and
occasional febrile illness in human be-
ings. Craighead found that many of the
mice infected with the EMC variant de-
veloped diabetes. When he examined
the pancreas of the infected animals,
he noticed inflammatory white cells in
the islets of Langerhans and found that
many of the beta cells were damaged.




Proof that the virus was actually respon-
sible for these changes in the islets came
from experiments conducted by Koza-
buro Hayashi, a visiting fellow in my
laboratory at the National Institutes of
Health. Hayashi prepared an antibody
to EMC virus and labeled it with fluo-
rescein dye, which fluoresces a brilliant
green when it is irradiated with ultravio-
let. He removed the pancreas from the
infected animals and incubated sections
of the organ with the labeled antibody.
The antibody bound only to cells con-
taining EMC virus, so that he was able
to identify the infected cells by their flu-
orescence. His experiments showed that
EMC virus had indeed infected beta
cells and that the replication of the virus
in these cells was primarily responsible
for their destruction.

Subsequent work in Craighead’s labo-
ratory and mine revealed that the ini-
tial effect of the virus-induced destruc-
tion of beta cells is the release of large
amounts of insulin into the circulation,
which lowers the level of glucose in the
blood. Within a few days, however, the
animal’s insulin reserve is depleted, in
some cases to less than 10 percent of nor-
mal, and the glucose level rises. Many of
the animals now begin to excrete glu-
cose in their urine and to consume in-
creasing amounts of water and food, the
symptoms of juvenile-onset diabetes.

he investigation of the involvement

of viruses in the genesis of diabetes
took a new turn when it became appar-
ent that only certain inbred strains of
mice develop the disease. Three post-
doctoral fellows in my laboratory, Wark
Boucher, Michael Ross and Takashi
Onodera, investigated this phenomenon
in detail. They infected 24 different in-
bred strains of mice with EMC virus
and divided the strains into three groups
on the basis of their glucose response.
The first group, designated “suscepti-
ble,” responded to the infection by man-
ifesting elevated levels of glucose in
the blood. The second group, designat-
ed “glucose-intolerant,” showed abnor-
mally high glucose levels after infection
only when a large glucose load was ad-
ministered. The third group, designated
“resistant,” showed no sign of diabetes
after infection.

Breeding experiments revealed that
the differences among strains of mice in
susceptibility to EMC-induced diabetes
are genetically controlled. When mice
from two susceptible strains were mat-
ed, their offspring were also susceptible.
Similarly, the offspring of two resistant
strains were resistant. A cross between a
susceptible mouse and a resistant one
yielded a first generation that was resist-
ant to the development of virus-induced
diabetes. When the first-generation mice
were mated with one another, howev-
er, many of their offspring were suscepti-
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HISTOCOMPATIBILITY ANTIGENS are cell-surface proteins that provide each individu-
al’s tissues with a unique biological label. The major category of these antigens in man, known
as the HLA complex, are coded for by a series of genes on chromosome No. 6. The genes at
each position or locus on the two homologous chromosomes are not always identical, and a
large number of alternate genes (alleles) may be present in a population. Certain HLA alleles
have been shown to be associated with an increased or decreased risk of developing juvenile-
onset diabetes. Such correlations imply that genes closely linked to the high-risk HLA alleles
(perhaps those genes controlling the immune system) may play a role in the genesis of diabetes.

ble, indicating that susceptibility to vi-
rus-induced diabetes had been inherit-
ed as a recessive trait. A backcross ex-
periment was also performed: when
the resistant first-generation mice
were crossed with the resistant parental
strain, none of the offspring developed
diabetes. When the resistant first-gener-
ation mice were crossed with the sus-
ceptible parent strain, however, approx-
imately half of the offspring developed
diabetes, suggesting that a single gene
locus plays a major role in controlling
susceptibility to EMC-induced diabetes.

As often happens in science, these
studies answered some questions and
raised many others. Ji-Won Yoon, a
staff scientist in my laboratory, and Ono-
dera wanted to know how inheritance
actually influences which mice develop
diabetes. One possibility was that cer-
tain genes control the susceptibility of
beta cells to EMC infection. The more
susceptible the cells are, the more of
them would be infected and the greater
would be the likelihood that the mouse
would develop diabetes. To see if this
was the case, sections of pancreas from
infected mice were stained with fluores-
cent antibody to EMC virus. Counts of
infected cells showed that islets from
susceptible strains of mice (such as SJ/R)
contained approximately 10 times more
infected beta cells than islets from dia-
betes-resistant strains (such as C57BL).

These experiments did not prove,
however, that differences among strains
of mice in susceptibility to the virus
resided at the level of the beta cell; it
was possible that the differences were
at the level of the immune response. In
order to differentiate between these al-
ternatives we grew beta cells from dif-
ferent strains of mice in tissue culture
and then examined their susceptibility
to infection. In this way we were able to

© 1979 SCIENTIFIC AMERICAN, INC

circumvent the immune response of the
mice. When cultures highly enriched in
beta cellswere infected with EMC virus,
we found that the beta cells from sus-
ceptible strains were destroyed more
readily than those from resistant strains.

clue to what makes the beta cells
from different strains of mice dif-
ferentially susceptible to EMC infection
has been provided by recent work in my
laboratory. In 1959 John J. Holland,
who is now at the University of Cali-
fornia at San Diego, showed that vi-
ruses would not attach to and infect cer-
tain cells unless those cells possessed vi-
ral “receptors”: cell-surface proteins of
some kind that the virus recognizes and
binds to before infecting the cell. Recent-
ly Ruben Chairez, working as a visiting
scientist in my laboratory, found that
two to three times more EMC virus
bound to beta cells from diabetes-sus-
ceptible mice than bound to beta cells
from diabetes-resistant mice. This find-
ing suggests that the degree of suscepti-
bility to the virus might be a function of
the number or type of viral receptors on
the surface of the beta cells. These ex-
periments must be interpreted with cau-
tion: it is still not possible to obtain pure
cultures of beta cells, and the number
of viral receptors may change when the
cells are grown in culture. Nevertheless,
the viral-receptor experiments are a be-
ginning and, if they are confirmed, they
will provide a plausible explanation of
why only animals with the “right” genet-
ic makeup develop virus-induced diabe-
tes. It is certainly intriguing to speculate
that similar factors might operate in hu-
man beings, and that the high-risk al-
leles associated with the HLA complex
might control the susceptibility of hu-
man beta cells to viral infection.
With the information gained from the
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GENETIC SUSCEPTIBILITY to virus-induced diabetes can be demonstrated by breeding
experiments in mice. Mice of the strain designated SJ/L develop diabetes when they are infected
with the EMC virus, whereas those of the strain designated C57BL do not (a). When the sus-
ceptible and resistant strains are crossed, their offspring (the F1 generation) are resistant to
EMC-induced diabetes (). Similarly, a backcross between the F1 mice and the resistant paren-
tal strain gives rise to resistant offspring (c). When the F1 mice are backcrossed with the sus-
ceptible parental strain, however, a high percentage of the offspring are susceptible (d). These
results suggest that susceptibility to EMC-induced diabetes is inherited as a recessive trait.
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EMC model we began to look for other
viruses that might induce diabetes in
mice, particularly those viruses that also
infect human beings. One likely can-
didate was the Coxsackie family of vi-
ruses. First isolated in the 1940’s from
a group of patients living in Coxsackie,
N.Y., these viruses have RNA as their
genetic material. They can cause upper-
respiratory distress and muscle pain and
can infect the heart and the brain. Soon
after the discovery of the Coxsackie
viruses Gilbert Dalldorf of the New
York State Department of Health and
A. M. Pappenheimer of the Harvard
Medical School found that infection of
mice with members of the virus group
designated Coxsackie B caused severe
destruction of the acinar cells in the
pancreas but spared the adjoining islets
of Langerhans. Twenty years later D.
Robert Gamble of the West Park Hos-
pital at Epsom in England, who had
thought for some time that there might
be a connection between Coxsackie vi-
rus infection in children and diabetes,
and George E. Burch of the Tulane
University School of Medicine under-
took to repeat those experiments. They
too found destruction of acinar cells,
and they also noted that some cells in
the islets of Langerhans were damaged.
Gamble observed that there was a tran-
sient rise in the levels of glucose in the
blood of some of the infected mice, but
he had difficulty reproducing his exper-
imental results.

Attempts in my laboratory to induce
diabetes in mice with Coxsackie B virus
also failed. Then Yoon, Onodera and 1
decided to take a different approach: to
make the virus more virulent by adapt-
ing it to the beta cells. Exploiting the
fact that beta cells can be grown in cul-
ture, we infected the cultures with a
strain of Coxsackie virus known as B4.
After several days we harvested the vi-
rus and infected fresh beta-cell cultures
with it. We repeated the process several
times. Initially the virus replicated poor-
ly, but with repeated passaging through
the cultures it became more virulent,
presumably because the passaging se-
lected for variants of the virus that repli-
cated better in beta cells.

When the virus had been passaged 14
times, it was injected into mice. Within a
week more than half of the animals had
developed diabetes: they had low insulin
levels and high glucose levels, many of
the islets showed damage and viral anti-
gens were detected in some of the beta
cells. It soon became apparent that our
success in inducing diabetes was due not
only to the adaptation of Coxsackie B4
virus but also to the selection of the
appropriate strain of mouse. As in the
case of EMC virus, only certain strains
of mice developed diabetes when they
were infected with Coxsackie B4. Once
again genetic factors were clearly influ-
encing susceptibility to diabetes.

Another virus that we tested for its
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PASSAGING A VIRUS repeatedly through cultures of beta cells
increases its ability to induce diabetes. It is thought that passaging
selects for those variants of the virus that reproduce most success-

ability to induce diabetes was reovirus.
The prefix reo- stands for respiratory-
entero-orphan virus. The virus was so
named in 1959 by Albert B. Sabin of
the University of Cincinnati College of
Medicine because it was found in the
respiratory and gastrointestinal tract of
many children and yet appeared to be an
“orphan”: it did not cause serious ill-
ness. In mice, however, reovirus attacks
the acinar cells of the pancreas, al-
though it spares the islets of Langer-
hans. Encouraged by our success in
making Coxsackie B4 virus more viru-
lent for beta cells by passaging it several
times through beta-cell cultures, we did
the same thing with reovirus before in-
jecting it into mice. When we examined
the pancreas of the reovirus-infected
mice several days later, we found virus
particles not only in beta cells but also in
alpha and delta cells. The total number
of islet cells damaged by reovirus was
considerably less than that damaged by
Coxsackie B4 infection, and the blood-
glucose levels of most of the mice were
relatively normal. When the reovirus-
infected mice were stressed by injection

SECOND PASSAGE

FOURTH PASSAGE

with a large dose of glucose, however,
it became quite clear that their ability
to metabolize glucose had become im-
paired. The glucose levels remained ele-
vated for a considerably longer period
of time than normal, a condition resem-
bling the abnormal glucose tolerance of
human diabetics.

Elliot J. Rayfield of the Mount Sinai
School of Medicine in New York ob-
served similar subtle shifts in the metab-
olism of glucose and the release of insu-
lin in hamsters infected with Venezue-
lan equine encephalitis virus, which
occasionally causes fever, headache and
damage to the nervous system in human
beings. Taken together these studies
show that variants of several common
viruses known to infect human beings
can attack islet cells in experimental ani-
mals and induce symptoms resembling
those of diabetes.

he first direct evidence that viruses
are capable of causing diabetes in
human beings came in the spring of
1978. A 10-year-old boy was brought to
a hospital in the Washington, D.C., area
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fully in beta cells. For example, Coxsackie B4 virus does not nor-
mally cause diabetes in mice. If the virus is passaged several times,
however, its capacity to kill beta cells and cause diabetes is increased.

with an illness lasting for three days that
resembled influenza. He was admitted
because he suffered from severe lethar-
gy bordering on coma. Laboratory tests
revealed that the child had very high
levels of blood glucose (600 milligrams
per 100 milliliters of plasma) and was
suffering from diabetic ketoacidosis. In
spite of intensive therapy his condi-
tion rapidly deteriorated, and within a
week he died. At autopsy Robert Mar-
shall Austin of the National Naval Med-
ical Center found inflammatory white
cells in the islets of Langerhans and ob-
served that many of the beta cells had
been destroyed.

Since these signs were reminiscent of
those observed in mice infected with di-
abetes-causing viruses, Austin froze a
small piece of the child’s pancreas for
further examination. A few weeks later
he told us about the case, and we eagerly
agreed to look for a virus. We homoge-
nized the sample of pancreas and add-
ed the homogenate to tissue-culture
cells known to be sensitive to a variety
of viruses. Within a few days the cells
showed the signs characteristic of infec-
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tion. With standard techniques of virol-
ogy we then succeeded in isolating from
the cells a virus that had properties sim-
ilar to but not identical with the virus
Coxsackie B4.

In order to prove that the virus actual-
ly came from the patient and was not an
inadvertent laboratory contaminant we
looked for signs of infection in the sam-
ples of the patient’s blood that had been
taken during the course of the disease. It
is well known that early in the course of
a viral infection there is little if any anti-
body to the virus in the patient’s serum
because the immune system has not had
enough time to respond to the invader.
Later on specific antibody can easily be
detected, and a rise in the levels of anti-
body over a period of several weeks usu-
ally implicates the virus as the cause of
the illness. Serum obtained from the dia-
betic child on his admission to the hospi-
tal contained no antibody to Coxsackie
virus, but there were significant amounts
of antibody in serum obtained about a
week later. This finding strongly implied
that the virus was not a laboratory con-
taminant, but it left open the possibility
that the child’s infection might have
been fortuitous and unrelated to the
cause of his diabetes.

Here our animal model proved to be
invaluable. Strains of mice known to
be either susceptible or resistant to dia-
betes induced by Coxsackie B4 were in-
oculated with the virus isolated from
the child’s pancreas. Within a week a
high percentage of the susceptible mice
had developed diabetes but the resist-
ant mice had not. In the susceptible mice
inflammatory white cells were seen in
the islets of Langerhans and viral an-

a b
(_Uﬁ \ PANCREATIC
\ EXTRACT

MONOLAYER OF CELLS
@ HOMOGENIZER
HUMAN
PANCREAS

HUMAN DIABETES VIRUS was isolated in the author’s laborato-
ry from the pancreas of a boy who had died of juvenile-onset dia-
betes. A small piece of the child’s pancreas obtained at autopsy was
homogenized (a), and the extract was placed on a layer of tissue-cul-
ture cells known to be sensitive to a variety of viruses (5). Within sev-
eral days the dissolution of virus-infected cells gave rise to plaques,
or holes, in the sheet of cells, indicating that a virus was present (c).
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tigens were detected in the beta cells.
These experiments gave strong evidence
that the child’s diabetes had indeed been
induced by the virus.

Nevertheless, diabetes does not seem
to be a common consequence of
Coxsackie B4 infection. Almost 50 per-
cent of the adult U.S. population has at
one time or another been exposed to the
virus, yet most people come through
such infections with no apparent dam-
age to the pancreas and no diabetes.
Moreover, many juvenile-onset diabet-
ics do not have antibody to Coxsackie
B4. The case I have described might
therefore have been a rare exception in
which there was the right combination
of a virus toxic to beta cells and a geneti-
cally susceptible individual. On the oth-
er hand, viruses capable of killing beta
cells might be far commoner than has
been suspected, giving rise to a spectrum
of disease ranging from frequent sub-
clinical infections with minimal beta-
cell damage to relatively rare instances
of moderate to severe beta-cell damage
and overt diabetes. The situation might
be analogous to the effects of the virus
of poliomyelitis before the development
of vaccines against it: many people had
subclinical infections but only a few
developed paralytic disease. There is,
however, no evidence that a healthy in-
dividual can “catch” diabetes from an
already diabetic person.

Since many juvenile-onset diabetics
do not have antibody to Coxsackie B4,
the search is on for other viruses that
cause diabetes in man. It may be that a
series of viral infections in childhood,
each infection causing some beta-cell

VIRAL PLAQUES

damage, finally results in overt diabetes
when the reserve of beta cells has been
sufficiently depleted. Along these lines it
is interesting to speculate whether some
children are born with a relative defi-
ciency of beta cells or an impaired ca-
pacity to repair or regenerate beta cells
once they are damaged. If that is the
case, viruses might more readily pro-
duce diabetes in these already deficient
individuals.

It is also possible that viruses may be
only one of many causes of diabetes
(and perhaps a minor one) and that oth-
er insults from the environment such as
drugs and toxic chemicals might simi-
larly damage beta cells and give rise to
diabetes. In this connection it has been
known for 35 years that the drug alloxan
can destroy beta cells and induce diabe-
tes in experimental animals. The drug is
highly selective in its effects: damage to
beta cells can be observed within min-
utes after injection. In the early 1960’s
another drug, streptozotocin, was also
shown to be toxic to beta cells and capa-
ble of inducing diabetes in experimental
animals. Recently Arthur A. Like and
Aldo A. Rossini of the University of
Massachusetts Medical School showed
that whereas a single large dose of strep-
tozotocin is directly toxic to the beta
cells of experimental animals, multiple
small doses appear to act indirectly, pre-
sumably by altering the beta cells so that
they become vulnerable to attack by the
animal’s own immune system. Under
the latter conditions only certain inbred
strains of mice show signs of inflamma-
tion in their islets and develop diabetes,
again suggesting the importance of ge-
netic factors.
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The cells were frozen and thawed several times to liberate the virus,
which was separated from other cell components by spinning in a
centrifuge (d). The fluid containing the virus was then injected into
strains of mice known to be susceptible or resistant to Coxsackie B4-
induced diabetes. After several days the susceptible mice developed
diabetes but the resistant mice did not (e), implying that the child’s
diabetes had been induced by the virus isolated from his pancreas.



Paradoxically, because of its toxicity
and its high specificity for beta cells,
streptozotocin has been used with some
success to treat a rare tumor of human
beta cells known as an insulinoma. In
general, however, drugs and chemicals
that kill beta cells were employed mere-
ly as tools for investigating the path-
ogenesis of diabetes in experimental
animals. Then in 1975 a rodent poison
known as Vacor, which has a molecular
structure resembling that of streptozo-
tocin, was introduced into the U.S. Since
that time it has been accidentally or de-
liberately ingested by a number of peo-
ple with serious consequences. Some
died, and as many as 20 of the survivors
developed acute diabetes calling for
treatment with insulin. In two of the
fatal cases examined at autopsy there
was clear evidence of beta-cell destruc-
tion. A small number of other drugs
and chemicals have been shown to be
toxic to beta cells, although in general
the damage is mild and transient.

What of the thousands of other chem-
icals, natural and man-made, to which
human beings are exposed daily and
whose effects on the beta cells have not
been examined? Do some of them dam-
age the beta cells and cause juvenile-on-
set diabetes? If they do, the causes of
diabetes could turn out to be as numer-
ous as those of the common cold. In any
case it seems unlikely that anything as
simple as a vaccine to prevent diabetes
will be available in the near future.

To sum up, work in laboratories
around the world has now firmly es-
tablished that diabetes is not a simple
disease with a single etiology. Even the
juvenile-onset type may have multiple
causes. Of major importance are the re-
cent findings that genes closely linked to
the HLA complex influence the risk of
developing juvenile-onset diabetes and
that most newly diagnosed patients have
in their serum an autoantibody to islet
cells. The current hope is that it will
eventually be possible to identify those
individuals who are most susceptible to
beta-cell damage and find some way to
protect them.

A second important implication is
that although some cases of juvenile-on-
set diabetes may be explained primarily
on a genetic basis and others on an envi-
ronmental basis, still other cases appear
to arise from a complex interaction be-
tween the genetic background of the
individual and his environment. The rel-
ative importance of different environ-
mental insults, such as viruses and toxic
chemicals, and of genetic factors and
autoimmunity is still not clear, but re-
search in these areas is receiving in-
creased attention. Although it may be
some time before it is possible to pre-
vent or cure juvenile-onset diabetes and
its complications, the mysteries that
have long surrounded this ancient dis-
ease are gradually being dispelled.

REOVIRUS PARTICLES form large crystalline arrays inside a beta cell from a virus-infected
mouse, as is shown in this electron micrograph. Also visible in the cytoplasm of the cell are nu-
merous secretory vacuoles containing dark granules of insulin. Although reovirus infection
does not induce severe diabetes in mice, it does impair the animals’ ability to remove glucose
from the blood as measured by glucose-tolerance tests. The magnification is 17,300 diameters.
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Shape-Memory Alloys

If one of these new alloys has been formed into a shape at a certain

temperature and is then deformed at another temperature, it can

“remember”’ the original shape. The effect has many applications

etals are characterized by such
M physical qualities as tensile
strength, ductility, malleability

and conductivity. To these, in the case of
a new family of alloys, one can now add
the anthropomorphic qualities of mem-
ory and trainability. The new alloys ex-
hibit what is called the shape-memory
effect. If such alloys are plastically de-
formed at one temperature, they will
completely recover their original shape
on being raised to a higher temperature.
In recovering their shape the alloys can
produce a displacement or a force, or a
combination of the two, as a function of
temperature. Because of these novel and
remarkable properties shape-memory
alloys are helping to solve a wide va-
riety of problems. In one well-devel-
oped application shape-memory alloys
provide simple and virtually leakproof
couplings for pneumatic and hydraulic
lines. They are also serving as tight seals
and couplings in electronic assemblies.
Most recently the alloys have been ex-
ploited in mechanical and electrome-
chanical control systems to provide, for
example, a precise mechanical response
to small and repeated temperature
changes. Several promising applications

SPONTANEOUS UNFOLDING of a wire hemisphere that could
serve as a small antenna for a spacecraft is shown in this sequence of
four photographs. The antenna is made of an alloy of nickel and tita-
nium (Nitinol) that exhibits the shape-memory effect. In the photo-
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are being tested in medicine. More re-
mote, but nonetheless tantalizing, is the
possibility of harnessing shape-memory
alloys to convert low-grade heat (such
as the heat of water at the surface of the
ocean) into mechanical energy.

In order for an alloy to exhibit the
shape-memory effect it must have a
crystal structure that can shift into
the configuration known as martensite
when it is subjected to a certain temper-
ature or stress and then shift out of it. In
a simple example a wire of shape-mem-
ory alloy might be bent at room temper-
ature into the form of a four-leaf clover.
Then the wire is heated until its crystal
structure assumes a high-temperature
configuration called the beta or parent
phase. Next the wire is rapidly cooled so
that the atoms in the metal rearrange
themselves into the crystal form of mar-
tensite. One can now bend or twist the
wire into any other form. If the wire is
later heated to a temperature above that
at which the martensite reverts to the
parent phase, there is an orderly shift of
large groups of atoms that restores the
original cloverleaf form. Since the mar-
tensite transformation is essential for
the shape-memory effect, alloys that ex-

hibit memory are also known as mar-
mem alloys.

The shape-memory effect had been
noted as early as 1938, when Alden B.
Greninger of Harvard University and V.
G. Mooradian of the Massachusetts In-
stitute of Technology showed that the
martensite phase in brass (an alloy of
copper and zinc) could be made to form
and disappear with a change in tempera-
ture. At about the same time G. V. Kur-
dyumov, a Russian metallurgist noted
for his early work on the crystallogra-
phy of martensites, particularly in steel,
studied the phase relations in brass be-
tween the high-temperature beta phase
and the martensite formed by rapid
cooling. Later Thomas A. Read and his
associates at the University of Illinois
investigated the shape-memory effect in
gold-cadmium alloys and demonstrat-
ed the forces that could be developed
by the phase transitions. Alloys as di-
verse as iron-platinum, indium-cadmi-
um, iron-nickel, nickel-aluminum and
stainless steel have been observed to ex-
hibit shape memory in varying degrees.

It was not until 1962, however, that
the phenomenon came to worldwide at-
tention with the announcement of shape
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graph at the left the fully formed antenna has been crushed at room
temperature into a tight ball less than five centimeters across. As the
temperature of the mass of wire is increased the antenna gradually
unfolds. When the temperature reaches 77 degrees Celsius, the struc-



ture assumes its original configuration (top right). The diameter of
the unfolded antenna is about 25 centimeters. The restoration of the
antenna’s shape coincides with the disappearance of crystals of mar-
tensite in the material and their replacement by crystals of austenite,

.\
.

which has a simpler crystal structure. The crystallographic history of
the sequence is illustrated on the next page. The antenna was designed
by the Goodyear Aerospace Corporation. Although it has never seen
actual service, it vividly demonstrates the properties of such alloys.
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memory in an alloy of nickel and ti-
tanium. The alloy was discovered by
William J. Buehler of the U.S. Naval
Ordnance Laboratory (since renamed
the Naval Surface Weapons Center) in
Silver Spring, Md. Buehler’s alloy was
dubbed Nitinol (for nickel-titanium Na-
val Ordnance Laboratory).

Before going into the various ways the
shape-memory effect can be exploited
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L

I shall describe in somewhat more de-
tail the phenomenon itself, the condi-
tions of temperature and stress needed
to give rise to it and the crystallography
that underlies it. The martensite crystal
structure that is essential for the effect
can be produced in two general ways: by
subjecting an alloy to a stress whose
magnitude is related to temperature or
by rapidly quenching a suitable alloy to

7 AUSTENITE TRANSFORMATION |
COMPLETE

5 ANTENNA DEFORMED

|

CRYSTALLOGRAPHIC HISTORY of the spacecraft antenna shows the role of temperature
in the shape-memory effect. The construction material, Nitinol wire in a large coil, is raised to
a temperature of 650 degrees C. and is stabilized so that the crystal structure of the material is
entirely in the beta, or “parent,” phase (7). This phase is often the crystal structure austenite.
The wire is now cooled. At the temperature M; (60 degrees C.) the new crystal phase martens-
ite starts to form, replacing the beta phase (2). At M/ (52 degrees) the transformation to mar-
tensite is finished (3). While the Nitinol wire is held at a temperature below M, it is cut into
short lengths, which are gently bent to form the segments of the intended hemisphere (4).
Where the segments cross one another they are fastened by tack welding. One can now crush
the antenna into.a small volume (5). In order to restore the original shape the crushed structure
is heated. At temperature 4, (71 degrees) austenite begins to replace martensite (6). On reach-
ing A (77 degrees) the antenna has unfolded completely (7). In this particular case what the
shape-memory alloy “remembers” is not the actual configuration of the antenna but the gentle
curves of the coiled wire from which the antenna was constructed. As the wire tries to straight-
en itself it is constrained to the shape of a bowl by the multiple welds at the crossover points.
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some critical temperature. In the second
method, which is the one most common-
ly applied, the martensite structure ap-
pears spontaneously through a shearing
motion of the atoms in the alloy or
through a process of nucleation and
crystal growth. In each case the shift
is classed as a “diffusionless transfor-
mation” resulting from the coordinated
movement of large blocks of atoms.

The establishment of a thermody-
namic equilibrium between the parent
phase and the martensite phase depends
on the composition of the alloy, the tem-
perature and the internal stress. The nu-
cleation and growth of martensite are
controlled by shear strains that develop
between adjacent martensite regions as
the alloy is cooled or stressed. The bal-
ancing of such internal strains and any
external stress causes the martensite re-
gions to grow as an array of self-accom-
modating plates. The orientation of a
plate with respect to the orientation of
its neighbor is the one that is energetical-
ly stablest in that particular strain field.
Whether the field results from an ap-
plied stress or from a change in tempera-
ture, in the material as a whole the plates
assume a variety of orientations and a
range of sizes.

Ithough the structure of the parent
phase and of the martensite varies

in detail with each alloy, the typical ele-
vated-temperature phase is a disordered
body-centered-cubic one (where the at-
oms form a cubic lattice with one atom
in the center of each cube of eight other
atoms). As the temperature is lowered
that phase shifts into a structure that is
either an ordered body-centered-cubic
one or a superlattice. In the ordered
structure atoms of one species in the al-
loy take up preferred sites in the cubic
lattice with respect to the atoms of the
other species. The superlattice can be
visualized as interpenetrating cells in
which the unit cell of the crystal, the
smallest unit that when repeated and ex-
tended in all directions defines the crys-
tal structure, consists of several dozen
atoms or more. This complexity of crys-
tal structure makes it difficult to de-
scribe the relative movements of atoms
that result in the martensite transfor-
mation. Often invoked to describe the
movements are terms such as shuffling
and shear. In the marmem alloy of cop-
per, zinc and aluminum four variants of
martensite form out of the parent beta
phase, each with a crystal orientation
displaced by 60 degrees from the others.
The strain associated with one variant
compensates the strain in the other vari-
ants, so that the growth of multiple self-
accommodating fields of martensite
plates is energetically favored over the
growth of a single plate. The boundaries
between the adjacent plates are, how-
ever, quite mobile and move readily un-
der the influence of an applied stress. As
aresult a specimen can be deformed not
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TEMPERATURE-ACTUATED SWITCH can be designed so that
it opens or closes above a particular temperature. The temperature
depends on the alloy selected and coincides with the temperature (49
at which martensite is replaced by austenite. If the switch is designed
to close above the temperature 4, (top), a straight rod of alloy is
heated to the “betatizing” temperature and then quenched. The rod

through the slippage of adjacent plates,
the usual mechanism of plastic defor-
mation, but through the growth and
compensating contraction of adjacent
plates.

In an alloy that has a beta phase capa-
ble of producing martensite under stress
one can observe an unusual elastic prop-
erty called pseudoelasticity or super-
elasticity. In a typical alloy with this
property the metal exhibits normal elas-
tic behavior under stress (that is, it gets
longer in some dimension) until the crit-
ical stress is reached at which martensite
plates begin to form. With further stress
the specimen continues to elongate, as if
it were being plastically deformed, but
when the stress is removed, the martens-
ite plates that have formed revert to the
parent phase and the specimen contracts
to its original dimension, showing no
permanent deformation.

When the temperature of a marmem
alloy is reduced to the critical tempera-
ture at which martensite starts to form,
the transformation proceeds spontane-
ously. As the temperature is increased
above the critical one martensite can
still form, but only if an increasing
amount of stress is applied. In the tem-
perature range where martensite can
form under the influence of stress the
elasticity of the material can exceed the
elasticity of ordinary alloys by a factor
of 10 or more: the material is superelas-
tic. Although superelasticity is not the
principal shape-memory effect in mar-
mem allcys, it can provide an additional
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amount of configurational memory (or
equivalent force) for special purposes.
Hence an alloy that has already been
transformed into martensite will exhibit
superelastic strain resulting from the re-
versible motion of the boundaries be-
tween martensite plates. The reorienta-
tion of the plates will cause one variant
of martensite to grow at the expense of
another, depending on the direction of
stress with respect to the internal strain
energy associated with each boundary.

Trainability, a feature of marmem al-
loys mentioned at the outset, yields a
specimen with memory for two different
configurations, a “two-way” memory
effect. Training is accomplished by lim-
iting the number of variants of martens-
ite formed when an alloy is repeatedly
heated and cooled below the critical
temperature. Such limitation inhibits
the self-accommodation of the martens-
ite plates and increases the amount of
internal strain. The number of variants
can be limited by stressing the specimen
while it is cooling from the elevated
temperature of the beta phase down to
the critical temperature. The stress fa-
vors the initial formation of particular
variants of martensite in the same way
that stress at constant temperature fa-
vors the growth of one variant at the
expense of another. Hence a structure
can be trained by repeating many times
the sequence of “betatizing” (heating
the alloy until it goes into the beta
phase), quenching, deforming and be-
tatizing again. Ultimately a change of
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now contains martensite (color). For the rod to serve as a switching
element it is bent, which puts the martensite under stress. When the
rod is heated above A/, the martensite then disappears and the rod
straightens, closing the switch. If the switch is designed to open above
Ay, the rod must be bent before betatizing and quenching (bottom).
The rod is then straightened out before it is placed in the switch.

shape occurs spontaneously; the change
is in one direction at a temperature cor-
responding to the beta phase and in an-
other direction at a temperature below
the martensite-transformation one.

Et me now summarize the conditions
involved in the attainment of shape
memory and therefore the variables that
must be controlled if a useful device is
to be fabricated. In order to exhibit
memory an alloy must undergo a mar-
tensite phase transformation. The tem-
perature at which the memory is accom-
plished is a function of the temperature
at which martensite formation begins or
the higher temperature at which the al-
loy reverts to the parent phase (usually
the beta phase). The martensite-trans-
formation temperature depends on the
composition of the alloy but can be
shifted by an applied stress. If the recov-
ery of shape is restrained, a proportional
force will be available for doing work
or gripping another object. In order to
achieve 100 percent recovery of shape
the deformation of a part must be limit-
ed to an internal strain of between 3 and
9 percent, depending on the particular
alloy. Finally, memory can be one-way
or, with training, two-way.

The number of uses for marmem al-
loys has been growing steadily. The
original Nitinol alloys were in spite of
their high cost soon exploited for a vari-
ety of tasks in spacecraft. One of the first
applications was a latching device for a
British satellite in which a torsion tube

7
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of Nitinol triggered the release of three
instrument booms. The release had to be
rapid and reliable in order to avoid any
dynamic imbalance that might affect the
stability of the spinning satellite itself.

In another early application Nitinol
alloys solved the problem of coupling
hydraulic-fluid lines in the F-14 jet fight-
er built by the Grumman Aerospace
Corporation. Grumman engineers were
seeking an alternative to the difficult
task of brazing lines that lie close to the
aircraft’s aluminum skin. The Raychem
Corporation, which had had wide expe-
rience in heat-shrinkable plastics, pro-
posed a coupling in which a Nitinol al-
loy was shrunk to a tight fit by being
raised above its martensite-transforma-
tion temperature. The coupling would
have to maintain its gripping integrity
down to —120 degrees Celsius, so that
the alloy chosen would have to have a
transformation temperature in the cryo-
genic region.

The transformation temperature of
the Nitinol family of alloys can be
manipulated over a remarkably wide
range, from —273 to 100 degrees C., by
altering the nickel-titanium ratio and
by adding small amounts of other ele-
ments. For the hydraulic coupling an al-
loy with a transition temperature below
—120 degrees C. was found. The cou-
pling, in the form of a sleeve, is ma-
chined at ordinary shop temperature to
have an inner diameter about 4 percent
smaller than the outer diameter of the
tubes it is designed to join. The coupling
is then cooled to below the temperature
at which martensite forms. While it is at
this low temperature it is forcibly ex-
panded to a diameter 4 percent greater
than the tube diameter, for an overall
internal strain of about 8 percent. Still at
a cryogenic temperature to maintain the
martensite phase, the coupling is fitted
over the ends of the tubes that are to be
joined. When it is warmed to room tem-
perature, the martensite is replaced by

ORTHORHOMBIC CRYSTALS of mar-
tensite form spontaneously in a great variety
of alloy systems when they are cooled rapidly
from an elevated temperature. In the beta, or
high-temperature, phase shape-memory al-
loys usually take the form of disordered body-
centered-cubic crystals (a). As the tempera-
ture is lowered one of the atomic species (col-
or) in the alloy takes up a preferred site in the
crystal cell. One such structure is a B super-
lattice (»). The martensite transition is best
seen by considering an array of B; superlat-
tice crystals in which the planes designated
(110) are stacked horizontally. Such a stack,
made up of 10 (110) planes that consist al-
ternately of eight atoms and seven atoms, is
shown in c. On cooling, the cubic arrange-
ment of the B; superlattice is replaced by the
orthorhombic structure of martensite (d). The
numbered atoms help to clarify the nature of
the rearrangement. In a ternary alloy consist-
ing of copper, zinc and aluminum the parent
beta phase gives rise to variants of martensite
offset from one another by 60 degrees (e).



the parent phase, causing the coupling
to shrink tightly around the ends of the
tubes. The seal can be made still tighter
by machining circular ribs into the inner
surface of the coupling. Similar but larg-
er couplings are now being tested exper-
imentally for joining hydraulic and air
lines on merchant ships.

Engineers at the Raychem Corpora-
tion have also developed an electrical
connector that forms a high-compres-
sion fit yet can be quickly released and
recoupled. Fabricated from a Nitinol al-
loy, the device is in the shape of a ring
that closes the fingers on a pin connec-
tor. The connector is opened by chilling
it with a blast of a cold fluorocarbon gas
from an aerosol can; it closes when it
warms up. The forces exerted by such
shape-memory coupling devices are
about 200 times greater than the force
that would be exerted by the expansion
and contraction of a bimetallic element
of the same weight. Moreover, shape
memory is effected at a predetermined
temperature rather than over a broad
range of temperatures, as would be the
case for a device dependent on thermal
expansion.

Several promising uses for Nitinol al-
loys are being examined in medi-
cine. Artificial limb joints are fast be-
coming commonplace, but they are not
without problems. In a large joint such
as the hip the artificial ball and socket
are now usually joined to the bone by a
cement, with attendant problems of mis-
alignment and even bone fracture. An
alternative fastening method relies on
Nitinol “butterflies” attached to the part
of the artificial joint that is inserted into
the central hollow of the bone. The but-
terflies are inserted cold and expand to
form a tight lock on reaching body tem-
perature. At the Mississippi Methodist
Rehabilitation Center in Jackson, James
Hughes and his associates have estab-
lished that Nitinol does not react ad-
versely with living tissue and have un-
dertaken long-term studies with experi-
mental animals.

Another orthopedic problem is the
pulling together of the parts of a frac-
tured bone to ensure their alignment and
to encourage rapid calcification. The
standard method of compressive fixa-
tion calls for pins, screws and plates, and
it is also slow. With plates of Nitinol,
which are installed chilled, body heat
pulls the fractured parts of the bone into
alignment. The technique is being stud-
ied by Alan A. Johnson of the Univer-
sity of Louisville and Frank P. Alican-
dri of the Polytechnic Institute of New
York.

A rather different medical application
of the shape-memory effect has the goal
of filtering blood clots out of the circula-
tory system before they can do serious
harm. Most clots of dangerous size form
in the legs and lower trunk and travel
through the veins to the heart and lungs,

where they can block a vital blood ves-
sel. Anticoagulant substances, although
they are extremely useful, carry risks of
their own. Morris Simon of Beth Israel
Hospital in Boston and the Harvard
Medical School conceived the idea of
fabricating a screenlike filter with a
mesh size of about two millimeters from
a continuous length of Nitinol wire. The
wire can be straightened out when it is
cooled below the martensite-transfor-
mation temperature, chosen to be well
below body temperature. As the wire is
chilled to maintain its straightened con-
dition, it can be inserted through a cath-
eter in an arm vein into the vena cava,
the large vein that feeds into the heart.
As the wire warms up it assumes the
screenlike form. Experiments on dogs
have been encouraging.

Engineers are always interested in
eliminating the weak link in mecha-
nisms that must perform reliably with
little or no attention. A case in point is
the pen-drive mechanism found in tens
of millions of recording and industrial-
control instruments. In standard instru-
ments the pen arm is actuated by a gal-
vanometer, a venerable electromechani-
cal device that responds to the presence
of an electric current.

In a search for a still simpler and more
rugged mechanism engineers of the
Foxboro Company have devised a pen
drive that exploits the shape-memo-
ry response of Nitinol wire. The wire,

a S -

under tension restraint, lengthens and
shortens in response to the amount of
heat supplied by a small induction coil.
The coil in turn is energized in response
to the voltage input to the recorder from
a transducer connected to whatever the
recorder is measuring. The Nitinol wire
exerts much larger forces than a galva-
nometer drive does, so that the mecha-
nism requires fewer bearings and pivots.
More than 600,000 of the new drives
are now in service, representing by far
the most intensive application of shape-
memory alloys to date.

So far I have dwelt almost entirely on
Nitinol and its applications. Recent-
ly a family of shape-memory alloys has
been developed based not on nickel and
titanium but on copper, zinc and alumi-
num. Because these ternary (three-ele-
ment) alloys are much cheaper than
Nitinol and much easier to machine
and fabricate, they seem destined for
wide exploitation. They were developed
through work at the University of Lou-
vain in Belgium, the Delta Metal Co.,
Ltd., and the Fulmer Research Institute,
Ltd., in Britain collaborating with the
Raychem Corporation.

The new ternary alloys consist of be-
tween 68 and 80 percent copper. The
remaining 20 to 32 percent consists of
zinc and aluminum in various propor-
tions. The alloys are remarkable in that
only slight shifts in composition can

MARTENSITE VARIANTS 1 AND 2

MARTENSITE VARIANTS grow at different rates when they are subjected to stress. Here

for simplicity only two variants are d

picted. In the ab:

of stress (a) plates of the two vari-

ants develop with equal probability. If the specimen is subjected to tensile stress (b), plates of
variant 1 grow at the expense of those of variant 2. If the specimen is subjected to compression
(c), the preference is reversed: variant 2 grows at the expense of 1. If the specimen is bent (d),
the variants grow according to whether the crystals are locally under tension or compression.
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MARTENSITE STARTS TO FORM
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SUPERELASTICITY, or pseudoelasticity, is exhibited by certain al-
loys in which the transformation to martensite can be induced by
stress. Such alloys follow a typical stress-strain curve up to the point
where further stress causes martensite plates to form. The specimen
then appears to elongate plastically, as if it were being permanently
deformed. With the removal of stress the martensite plates revert to
the parent phase and the specimen regains its original shape. The
elastic elongation resulting from the martensite transformation can
exceed the elasticity of ordinary alloys by a factor of 10 or more.

SHAPE-MEMORY EFFECT can be represented in a stress-strain
curve that includes the effect of temperature. The curve above the
horizontal line shows the response of a shape-memory alloy to de-
formation at a temperature that preserves the martensite phase. Un-
der stress the specimen elongates. With the removal of stress consid-
erable strain remains. If the specimen is now heated to the tempera-
ture 4, (or T,,;,), austenite starts to replace the martensite. With in-
creasing temperature the strain drops rapidly. At 45 (T...) conver-
sion into austenite is complete, and specimen regains original shape.

SPRING BIAS
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LOAD-DEFLECTION CURVES show the responses of a shape-
memory element at various temperatures with and without a bias
spring that opposes the deflection. With no load (¥) and no bias spring
a change in temperature from T,,;, to T,,. produces a deflection,
A. At T,,;, austenite starts to replace martensite; at 7,,, the re-
placement is complete. Under a small load, W, the same temperature
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change causes a much larger deflection, B. By opposing the deflection
with a bias spring (color) the deflection can be made to vary in re-
sponse both to load and to temperature for a total deflection of C. The
purpose of the bias spring is to “trim” the element to perform in that
part of the load-deflection-temperature spectrum where significant
amounts of energy can be harnessed to carry out the desired function.
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give rise to large changes in the martens-
ite transformation, from values as low
as —105 degrees C. to as high as 299
degrees. For alloys that can be readily
fabricated, however, the range is nar-
rower: roughly from —100 degrees to
100 degrees. For a given alloy the shape-
memory effect extends over a range of
about 80 degrees. At higher tempera-
tures there is a tendency for the mar-
tensite to become unstable, so that the
usual upper temperature for operation
is 150 degrees. Some of the applications
for Nitinol are also attractive for the
copper-based ternary alloys: couplings,
springs and actuators.

In exploring new applications the Del-
ta company has developed a series of
devices in which the shape-memory al-
loy serves as both a temperature sensor
and an actuator. One such device is a
thermostatic valve for individual radia-
tors in a home or office heating system.
The temperature at which the valve
opens can be set by turning a knob that
alters the compression on a spring acting
against a spring made of the memory
alloy. The characteristic of the memory
spring is such that the force it exerts in-
creases as its temperature rises. In crys-
tallographic terms, as the temperature
increases an increasing fraction of the
martensite is transformed into the par-
ent phase, which is associated with a
memory of the spring in its expanded
position.

A similar memory spring can regulate
the clutch system that couples and un-
couples the radiator fan in an automo-
bile cooling system. Present devices op-
erate through a viscous-fluid clutch con-
trolled by a bimetallic spring. The mem-
ory-alloy clutch eliminates the need for
fluid seals and provides a more flexible
speed control. Automotive engineers
are exploring the possibility of resorting
to shape-memory systems to replace
small electric motors, solenoid-actuated
valves and various engine-control devic-
es. One promising application is a varia-
ble-throat or variable-jet carburetor to
provide optimum fuel economy over a
range of air and fuel temperatures.

Each application involving shape-
memory actuators must take into ac-
count operating temperature along with
the force and deflection wanted and
whether the motion is to be linear or
torsional. By working with a series of
charts and graphs developed by the Del-
ta company a designer can determine
for each particular alloy the amount of
bias, or compensating, force necessary
to have the shape-memory device oper-
ate at a specific temperature and deliver
a given force. The number of devices
proposed in patents is now approaching
100 and is accelerating.

One final application of the shape-
memory effect deserves mention:
the recovery of energy from waste heat
or low-temperature water by the direct

conversion of the heat into mechanical
energy. Such a solid-state engine was
considered soon after the discovery of
the shape-memory effect in Nitinol. The
first patent issued to Buehler and David
M. Goldstein for a shape-memory en-
gine in 1966 has been followed by what
now seems an endless procession of en-
ergy devices. The first engine to really
show the feasibility of generating useful
amounts of energy was one invented by
Ridgway Banks of the Lawrence Radia-
tion Laboratory of the University of
California. Possibly because Banks has

had professional training in music, his
devices give something of the aesthetic
pleasure of stringed instruments.

The theoretical efficiency of a solid-
state engine can be analyzed by taking
into account the latent heat of transfor-
mation, the additional stress delivered
for an additional change in temperature
and the difference in free energy be-
tween the martensite phase and the ele-
vated-temperature phase. By means of
such an analysis L. Delaey of the Uni-
versity of Louvain has arrived at a theo-
retical efficiency of 4 or 5 percent, which
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MARTENSITE-FORMATION TEMPERATURES, V, for ternary alloys of copper, zinc
and aluminum can be made to vary over more than 400 degrees C. as a result of only small
changes in composition. The shape-memory alloys all lie in the copper-rich corner (color) of
the triangle representing ternary mixtures. The amount of aluminum varies from about 4 to 10
percent, the amount of zinc from just under 10 to 28 percent. Balance in each case is copper.
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HYDRAULIC-TUBE COUPLINGS for the Grumman F-14 jet fighter are fabricated from
a Nitinol alloy that has a martensite-formation temperature, ¥/, in the cryogenic region be-
low —120 degrees C. The sleevelike coupling is machined at normal temperature to have an
inner diameter 4 percent less than the outer diameter of the tubes to be joined. The sleeve is
then cooled below the M/, temperature and is mechanically expanded to have an inner diame-
ter 4 percent greater than the tubes’ outer diameter (top). Still held at a temperature below
M, the sleeve is placed around the ends of the tubes. When the coupling is warmed, it shrinks
to form a tight seal (bottom). Ribs machined into the sleeve enhance seal by “biting” into tubes.

SIMPLE WINDOW OPENER that would be suitable for a greenhouse is actuated by a spring
fabricated out of a copper-rich shape-memory alloy. At temperatures below about 18 degrees
C. (65 degrees Fahrenheit) the spring is fully contracted and the window remains closed. When
the temperature rises above 18 degrees, shape-memory spring overcomes the force of a bias
spring and begins to open the window. At 25 degrees the actuating spring is fully extended.
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for an engine operating on a modest
temperature differential of 20 degrees
C. corresponds to a fifth of the standard
Carnot thermal-efficiency figure.

The early Banks engine operated with
wire loops of Nitinol that moved up and
down on spokes attached by a bell crank
to a wheel. As the wheel turned, the
loops dipped first into cold water and
then into hot water, causing the loops to
open and close. The device resembles a
multipiston radial engine. In another ar-
rangement strips of a ternary memory
alloy open and close like an accordion
as they are heated and cooled, giving
rise to an axial motion that can be con-
verted into a rotary motion by a crank as
it is in the Banks engine.

One of the latest engines demonstrat-
ed by Banks makes use of the walking-
beam principle of the 18th-century En-
glish engineer Thomas Newcomen. The
“piston” consists of 88 lengths of Niti-
nol wire about 15 inches long. As the
wire drive is alternately submerged in
hot and in cold water the contraction
and expansion of the wire is transmitted
through the walking beam and trans-
verse links to an output wheel. A sec-
ondary crank arm (sometimes called the
Charleston because it resembles the
dance popular in the 1920’s) controls
the dwell time in the two water baths,
much as a variable linkage controls the
valve action in a steam engine.

Given the low efficiency of the system,
one may well ask what kinds of source
could supply low-grade heat in quanti-
ties sufficient to generate useful power.
One source is of course the ocean, par-
ticularly in the Tropics, where the year-
round temperature difference between
the sun-heated surface and the cold deep
water is at least 25 degrees C. Another
large potential source of low-grade ther-
mal energy has recently been pointed
out by J. S. Cory. He has observed that
behind every tall hydroelectric dam
there is a substantial temperature gradi-
ent from the top of the reservoir to the
bottom, varying from a few degrees in
the winter months to 18 degrees in-the
summer. Surprisingly, the thermal ener-
gy in such a large body of water is far
greater than the energy potential of the
gravitational head. The ability to extract
this energy, as with the ocean tempera-
ture difference, calls for some form of
heat engine. The shape-memory engine
is a possible candidate.

Eke many phenomena discovered ear-
lier, shape memory is a solution
looking for problems. I have mentioned
a few applications that have already
been commercially realized. Between
them and the more speculative applica-
tions I have also mentioned are new de-
vices now in the experimental stage,
ranging from shallow-well oil pumps to
a wide variety of automatic-control de-
vices. One may be sure there will be
more of them.



A tale (with numerous threads)
from the manufacturing chemist business

1 We are pleased to announce that
diethyl 4 4’-azoxydicinnamate is again
available from lab suppliers as Kopak
Laboratory Chemical No. 10086. Below
136°C it is an ordinary crystalline solid.
Above 260°C it is an ordinary liquid.
Between those temperatures its long,
flat, rather rigid molecules arrange
themselves:
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That makes it a smectic liquid crystal.

2 In May 1978 we incinerated our en-
tire previous stock of No. 10086. On
purpose. Wasn't selling well enough to
keep in inventory.

3 A bit earlier the same year, Journal
of Chromatography published a paper
by Ralph Lester of the Tropical Prod-
ucts Institute in London about lepidop-
terous sex phero-
mones (/56, 55-
62). Ignored it. Not
our sort of thing.
Never noticed that it
mentioned diethyl
4.4’-azoxydicinnamate.

4 Liquid crystals have been known
since 1888. Spurts of interest over the
years. Recent spurt in the early *70s.
Digital displays .

for watches and
calculators,
thermometry. X
Review paper ap- %/
peared in Eastman Organic
Chemical Bulletinin 1973. Marketplace
answered us with the message that we
could serve best by offering certain in-
termediates which other manufacturers
finish into commercial liquid crystal
products. But hardly by the tank car.

Illustrations courtesy of
NYS Agricultural Experiment Station.

2

5 Tennessee is where we make many
intermediates in tank-car quantities for
many sectors of the chemical industry,
including manufacturers

of organic pesticides.

6 If all production of pes-
ticides were to cease forth-

with, more people would soon be going
to bed with empty tummies. (Or at least
meat consump-
tion would rise.
Insect meat,
that is. Many
dislike it.) But
one of the unin-
tended effects of

pesticides is the way v

they speed up evolution of resistant in-
sect strains.

7 Hope has arisen of reducing popula-
tions of insects that rob us
of food, fiber, and lumber

by disrupting the repro-
ductive cycle through de-
ception with their own
sex attractants. Each spe-
cies must have its own ex-
clusive signals from female to
male. That's what has made the exis-
tence of the species possible. From the
human viewpoint the perfect specificity
is the beauty part. Magic bullets to
hit only the bad guys. Cut ’em way
back but don’t quite eliminate
them.

8 These pheromones are mostly lin-
ear aliphatics of 12 to 18 carbons with
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one or two olefinic linkages. Encoding
for species often involves only position
and geometry of the double bonds. Syn-
thesis of attractants of target species
worth high-grade chemical effort. But
first you have to know your target’s
code. Many, many targets.

9 It occurred to Brenda F. Nesbitt of
the Tropical Products Institute that
smectic liquid crystals might differen-
tiate isomeric solutes by gas-liquid
chromatography on the basis that dif-
ferences in steric configuration influ-
ence penetration
into a liquid
crystal lattice—
an entirely differ-
- ent separation
) mechanism from
4 GLC with isotropic
stationary phase, which
depends on differences in
electronic properties.

10 Dr. Nesbitt’s col-
league Dr. Lester proved
that our No. 10086 on
flux-calcined diatomite
could make heridea achieve
quicker and better analysis of
geometric and positional isomers
of these compounds than reported from
attempts with other chromatographic
approaches.

11 Eager readers of Lester’s paper
learned to their disappointment that
No. 10086 was no longer available.

12 It is now.

The chemical business is very inter-
esting. Also useful to have around.

550 [ s
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SCIENCE AND THE CITIZEN

Quark Glue

mong the many whimsical terms in-
troduced into the physics of ele-
mentary particles in the past two
decades—such as “quark,” “color” and
*charm”—perhaps the most aptly cho-
sen is “gluon.” The gluon is conjectured
to bind together the particles called
quarks, thereby forming protons, neu-
trons, pions and all the other entities
that are classified as hadrons, or strong-
ly interacting particles. The adhesive
strength of the gluon is thought to be so
great that a quark cannot be extracted
from a hadron no matter what force is
brought to bear on it. Moreover, the glu-
on itself also seems to be permanently
confined: just as the quarks cannot be
prized apart, it is impossible to squeeze
a drop of the glue out from between
the quarks. In spite of this recalcitrance
there is substantial evidence for the exis-
tence of quarks. Now a series of experi-
ments has also provided preliminary ev-
idence for the existence of gluons.

In some respects the gluon is similar
to the photon, the quantum of electro-
magnetic radiation. Both particles are
massless and move at the speed of light,
and both can be regarded as the agents
of fundamental forces in nature. The
photon mediates the electromagnetic
force. For example, the attraction be-
tween the electron and the proton in a
hydrogen atom can be visualized as re-
sulting from the continual exchange of
photons, which are emitted by one parti-
cle and absorbed by the other. Only par-
ticles that have an electric charge can
emit or absorb a photon, and so only
those particles are subject to electro-
magnetic interactions.

The force transmitted by the gluon
is less familiar than electromagnetism,
and its effects are more complicated. It
is called the strong force or the color
force, and it is governed by the property
of quarks called color. (The quark col-
ors, of course, have nothing to do with
the colors of everyday life.) Whereas
there is only one kind of electric charge,
which can have positive and negative
values, there are three kinds of color
charge, each of which also has two pos-
sible values. Quarks are said to have the
colors red, blue and green; the corre-
sponding antiquarks are antired, anti-
blue and antigreen. According to a fun-
damental tenet of the theory of quark
interactions hadrons can be made up
only of certain combinations of quark
colors, which are designated white (or
colorless) combinations. The proton
and many hadrons with a similar struc-
ture consist of three quarks, one quark
in each of the colors. The pion and the
particles related to it are made up of one
quark and one antiquark, with colors
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that exactly cancel; for example, the
quark might be red and the antiquark
antired.

Just as electrically charged particles
can be bound to each other by the ex-
change of photons, so the quarks in a
hadron are cemented together by the ex-
change of gluons. There remains, how-
ever, a further complication. Although
the photon carries the electromagnet-
ic force, it is itself electrically neutral;
when an electron emits a photon, the
electron gives up energy and momen-
tum but its electric charge is not altered.
The gluon, on the other hand, bears a
color charge. Indeed, there are eight spe-
cies of gluon, with different combina-
tions of colors and anticolors, combina-
tions in which the color charge does not
cancel. One kind of gluon, for instance,
has the colors red and antiblue; another
is green and antired. One consequence
of these color charges is that gluons can
interact with one another as readily as
they do with quarks. Another conse-
quence is that when a quark emits a glu-
on, the color of the quark is changed. If
a red quark emits a red-antigreen glu-
on, then in order to keep the total color
charge of the two particles unchanged
the quark must be transformed into a
green quark.

Because gluons, like quarks, cannot
be observed directly the evidence for
their existence must be inferred from
observations of ordinary hadrons. The
accelerator experiments from which this
evidence has emerged begin with elec-
trons and their antiparticles, positrons,
which are stored in counterrotating
beams and made to collide head on.
Electrons and positrons are not hadrons,
and they are not made of quarks, but
when they collide, they are both annihi-
lated to yield a state of pure energy,
from which a quark and an antiquark
can materialize. Of necessity the quark
and the antiquark have opposite colors.

At low energies the electron-positron
collisions most often give rise to a set of
particles that fly away from the point of
impact in all directions. As the energy
is increased another kind of result be-
comes commoner. Two jets of particles,
most of them hadrons, are arranged
back to back around the collision point.
The interpretation of these events is
straightforward: as the quark and the
antiquark move apart in opposite direc-
tions, other quark-antiquark pairs are
created in their vicinity. The quarks and
antiquarks then bind together to form
hadrons, some of which can subsequent-
ly decay to yield still more hadrons and
other particles. All the particles that are
descendants of the original quark (or
antiquark) continue moving in approxi-
mately the same direction, and so they
form a well-focused jet.
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Such two-pronged jets have been ob-
served at several laboratories and have
provided information about the quark
structure of hadrons. The recent evi-
dence for gluons comes from still more
elaborate events with three jets.

When an electron and a positron col-
lide violently, the quark and the anti-
quark are created with high kinetic ener-
gy. At least one of the particles is then
likely to give up some of its energy by
emitting a gluon. (The analogous elec-
tromagnetic process is called brems-
strahlung, or braking radiation, where
a high-energy electron emits a photon.)
The emission of the gluon changes the
color of the quark, but the total color of
the quark, the antiquark and the gluon
still cancels to zero.

The emission of the gluon also alters
the geometry of the observed event.
Like the original quark and antiquark,
the gluon induces the creation of quark-
antiquark pairs in the surrounding vacu-
um, so that the gluon effectively decays
to yield ordinary hadrons. Thus the de-
cay products of the gluon form a third
jet, and the overall distribution of parti-
cles has three prongs, all of which lie in a
single plane.

Evidence for three-jet events has been
found in the aftermath of electron-posi-
tron collisions at PETRA, a new parti-
cle-storage ring in Hamburg. Four de-
tectors at PETRA, each detector operat-
ed by a separate group of investigators,
have been employed in the search for
such events. The first detailed analysis
of the results has been reported by a
group of 57 physicists from West Ger-
many, the Netherlands, China and the
U.S. The group is led by Samuel C. C.
Ting of the Massachusetts Institute of
Technology.

The electrons and positrons stored at
PETRA can be made to collide with en-
ergies of up to about 30 billion electron
volts, which is roughly three times the
energy available in the largest of the ear-
lier storage rings. Most of the events re-
corded so far, however, are at energies
only a little above the threshold where
gluon emission becomes likely. As a re-
sult there are comparatively few three-
prong events, and in most of those the
gluon diverges only slightly from the
quark that emitted it. Hence the third jet
cannot be clearly distinguished. What is
actually observed looks much like a
two-jet event, but one jet is more oblate
than the other, indicating that it consists
of two unresolved streams of particles.
As additional data are collected the
form of the events should become less
ambiguous.

Along with the new results comes an-
other whimsical entry in the physicist’s
lexicon. The three-pronged distribution
of particles has given rise to the term
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%sponsivé Te_éhno|ogy for the Semiconductor Industry

High throughput and yield
in integrated circuit manufacture

The crux of microcircuit manu-
facture is the printing of tiny, com-
plicated electrical patterns on
photosensitive materials. The chal-
lenge is to reproduce these patterns
crisply and accurately, in production
quantities, at competitive prices
This is exactly what Perkin-
Elmer Micralign mask
aligners do.

The newest Micralign,
the Model 200 Series, is
responsive to the semiconductor
industry’s needs. It achieves 2-
micron geometries or better in pro-
duction, distortion/magnification

tolerance of .25 micron and four
percent uniformity of ilumination.
Like other Micralign systems, the
Model 200 Series uses the 1:1 opti-
cal projection concept, pioneered by
Perkin-Elmer, to focus light from a
mask. The mask contains many re-
peats of a single pattern. In one fast
scan the Model 200 Series exposes
all of these patterns onto a silicon
wafer coated with a photosensitive
material. After development, the wafer

is further processed —etched, doped,
and recoated. By repeating this pro-
cedure a number of times circuits are
built, layer on layer, on asingle
wafer. Finally the wafer is cut to sepa-
rate each individual circuit.

Because dust, heat and vibration
are major enemies of precise pro-
jection, the 200 houses its optics in
aquiet, clean, wear- free world of their
own. Vibrationis minimized by two
frames, one inside the other. All
vibrating components have been
mounted to the outer frame, thereby
isolating the projection optics from all
sources of vibration.

The 200 Series has a built-in
environmental chamber. External air
is blown through the top of the unit.
The air is filtered and temperature
regulated. A positive-pressure, Class
100 environment is carefully con-
trolled to better than 1°F

Options include automatic wafer
loading and a revolutionary auto-
matic alignment system. Deep UV
coatings for even smaller geometries
will be available soon.

“Sputtering” thin films onto microcircuits
quickly, uniformly, economically

The thin metal films used in making
semiconductors are deposited by
sputtering systems. Evacuate a
chamber; fill it with argon; place a
high-potential cathode on the ceiling
of the chamber and a lazy susan
loaded with silicon wafers on the
floor; attach to the cathode a target

of the material to be deposited; turn
on the current.

That, in essence, is sputtering. The
currentionizes the argon, and the
argonions in their efforts to reach
the cathode bombard the target
material, knocking off atoms which
settle, uniformly dispersed, on the
wafers circling below. Layer by layer,
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the film builds up to the desired
thickness.

Perkin-Elmer sputtering equip-
ment has long set industry standards
worldwide. Our latest unit, for ex-
ample, the 4410, features a novel
delta-shaped DC magnetron cathode
and microprocessor controller. Both




play an important role
in producing the high
quality films and high
throughput essential
for the economic pro-
duction of semicon-
ductors.

The Delta™ cathode
deposits aluminum al-
loy and other metallic

| films at very high rates.
Thisis important for build-
ing dependable microcir-

culits today. It's even more important
for the high density semiconductor
devices of the not-too-distant future.
The microprocessor
automatically controls all
process variables and elim-
inates human error. It thus
assures run-to-run repeat-
ability for high yield and
throughput.
All of which help make the
| 4410's return-on-investment
better than that of any competi-
tive system.

Probing semiconductor quality
layer by atomic layer

The leading tool for analyzing
micro-electronic surfaces is the
Perkin-Elmer 590 Scanning Auger
(pronounced Oh-djay) Microprobe,
familiarly known as SAM.

uating the integrity of a semicon-
ductor’s thin film interfaces and
checking to be certain impurities
were not introduced during manu-
facture. Or detecting such imper-
fections as microscopic aluminum

Three-dimensional materials characterization
using Auger analysis with ion sputter-etching.

Typical tasks for SAM include eval-

spikes between semiconductor
layers which can cause short circuit-
ing. Or scrutinizing bonding pads
for trace contaminants which cause
poor bonding adhesion.

Todo such jobs, SAM bombards a
specimen with a beam of electrons,
causing the emission of X-ray pho-
tons and chemically specific Auger
electrons. These Auger electrons
originate in the topmost two or three
atomic layers of a specimen surface.
By measuring the kinetic energy
and number of Auger electrons
emitted, SAM provides a quantitative
as well as qualitative identification
of surface constituents. If the elec-
tron beam is scanned, SAM can map
the distribution of chemical elements
over a selected area.

SAM incorporates anion bombard-
ment gun that continuously erodes

an area of the surface so that the
microprobe can analyze downward,
layer by atomic layer. This makes
possible a true three-dimensional
analysis of thinfilms.

Where applications require, SAM
can be expanded into a multiple-
technique instrument through addi-
tion of ESCA (Electron Spectroscopy
for Chemical Analysis), which mea-
sureselectrons released due to X-ray
stimulation of a surface, and SIMS
(Secondary lon Mass Spectroscopy),
which detects ions emitted after
primary ion bombardment.

For more information on these
products, please write: Corporate
Communications, Perkin-Elmer,
Main Ave., Norwalk, CT 06856.

PERKIN-ELMER

Responsive Technology

© 1979 SCIENTIFIC AMERICAN, INC




Perfection has 1ts price.

{IPORTE
_’*‘ﬁ_‘i’ -

1 BOODLES}
| BRITISH |2
IR

cou RUSSHY lsfl!{.ksﬂfﬂ
lm o,

S LONDOX DRY 6N 5 ‘“"lf

Boodles, the ultra-refined British gin, is an unparalleled pleasure.
Both as a martini pleasure and as a pleasure with tonic.
It is produced from the world’s costliest methods and imported from Britain.
Boodles provides such a perfect martini and mixing experience,
that it is well worth its price. The price of perfection.

Boodles.The World costhest B tish gin.

94 4 Proof Dstlled From G (3 g fine & Spirnts Ca NY.NY 10

© 1979 SCIENTIFIC AMERICAN, INC



Mercedes events, after the well-known
trademark and hood ornament of the
Mercedes-Benz automobile.

CT by NMR

he introduction of computerized to-

mography (CT) within the past five
years has given physicians an important
new degree of access to what is going on
inside a patient’s body. In conventional
radiography X rays from a single source
diverge to cast on film a shadowgraph of
all the structures along the path of the
rays; overlapping structures and those
with similar densities are not well distin-
guished. A CT scan, on the other hand,
is a reconstruction from a large number
of projections. The X-ray source and de-
tector move around the body; in effect
hundreds of X-ray pictures are made in
a few minutes, but instead of being cast
onto film the information is processed
by a computer to yield a two-dimension-
al outline of discrete structures along a
single plane through the body. The CT
scan is invaluable for the diagnosis of
brain tumors and many other patholo-
gies, but it has one disadvantage: it de-
pends on ionizing radiation, too much of
which can be harmful to the patient.
Now a new technology may be on the
horizon that promises to provide images
comparable to those of the CT scanner
but without ionizing radiation. It is nu-
clear-magnetic-resonance (NMR) im-
aging, which depends on the magnetic
properties of certain atomic nuclei in a
tissue rather than on the tissue’s attenua-
tion of X rays.

NMR spectroscopy has become a
well-established technique for investi-
gating the structure and composition of
matter in the past 30 years. It exploits
the behavior of spinning protons (the
nuclei of hydrogen atoms) and certain
other nuclei when they are placed in a
magnetic field. The nuclei, acting like
tiny magnets, line up with the field; more
precisely, they precess around the direc-
tion of the field much as a spinning top
wobbles around a gravitational axis.
The alignment of the nuclei with respect
to the field is perturbed by the applica-
tion of a radio frequency such that the
nucleus is raised to a higher energy level;
in effect the nucleus flips over into a di-
rection opposite to that of the field.
When the applied radio frequency is
turned off, the nucleus “relaxes” back
into the direction of the field, emitting
energy, which is recorded as a sharp
peak in a spectrum. The frequency of
the energy emitted is characteristic of
the nucleus and is modified by its molec-
ular environment, yielding information
on the structure and environment of
complex molecules.

The shape, time of appearance and
duration of the peak are further modi-
fied by the nature of the surroundings—
in the case of a tissue, by its density or
water content, for example. To produce

an image of a tissue, inhomogeneous
magnetic fields are imposed and varied
to introduce adirectional component, so
that information comparable to that of
many NMR spectra can be collected,
synthesized and analyzed by a computer
program. In principle this information
can provide data in three dimensions,
which can be projected in any desired
two-dimensional plane.

The availability of high-strength mag-
nets has already made it possible to ex-
tend NMR spectroscopy from the anal-
ysis of physical and chemical structure
to the tracking of biochemical reactions
(see “Science and the Citizen,” Septem-
ber), and at the Harvard Medical School
a group headed by Eric T. Fossel and
Joanne S. Ingwall has been applying the
technique to study such reactions in iso-
lated organs of experimental animals.
Several groups in Britain, notably those
at the University of Nottingham and at
the University of Aberdeen, have been
developing imaging methods and apply-
ing them in studies of living animals and
parts of the human body.

The Red and the Blue

he measurement of Doppler shifts
in the spectra of celestial objects is
one of the astronomer’s most powerful
tools. A shift of spectral lines to longer
wavelengths, or toward the red end of
the spectrum, tells him that the observed
object (or dust or gas) is receding along
his line of sight. A shift toward the blue
end of the spectrum indicates the source
is approaching. On the grand scale as-
tronomy has been dominated by red
shifts. Thus the steady increase in red
shift with distance exhibited by galaxies
bespeaks an expanding universe. Only a
few nearby galaxies show blue shifts.
Within our own galaxy stars exhibit a
random mixture of small red and blue
shifts. The Doppler shift is particularly
useful for detecting binary star systems.
When the spectrum of a source shifts
periodically from slightly blue to slight-
ly red, one can infer that the source is
moving in an orbit alternately toward
and away from the solar system.
Within the past year astronomers
have been fascinated by the discovery of
a peculiar object within our galaxy that
exhibits a blue shift more than 100 times
larger than any previously known, a
shift comparable, although opposite
in sign, to the red shifts of the nearer
quasars, extragalactic objects generally
thought to be enormously distant. The
mystery presented by the new source is
only slightly diminished by the obser-
vation that the blue shift in its spec-
trum is simultaneously matched by ared
shift of equal magnitude. Therefore the
source itself is neither approaching nor
receding with the velocity that would be
indicated by an isolated shift toward the
blue or the red. The most plausible ex-
planation for the dual shift is that the
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source is a neutron star, probably a kind
of pulsar, that is emitting two beams of
particles at high velocity in opposite di-
rections.

The beam emitter was first noticed as
a peculiar star of the 14th magnitude in
the mid-1960’s and was subsequently
designated SS433. It lies about 11,000
light-years away in the constellation
Aquila, four degrees north of the celes-
tial equator. In the 1970’s SS433 was
identified as a source of both radio
waves and X rays. As part of a program
for studying X-ray-emitting stars Bruce
Margon of the University of Califor-
nia at Los Angeles and a group of six
colleagues began spectroscopic obser-
vations of SS433 with the three-meter
Shane reflector at the Lick Observatory
in August, 1978. “The first few spectra
we took,” says Margon, “told us there
was something extremely bizarre.” In a
series of spectra made on eight consec-
utive nights one emission line shifted
toward the red in virtually smooth steps
from a wavelength of 7,400 angstrom
units to one of 7,620 angstroms even as
a second line shifted toward the blue
from 6,120 angstroms to 5,970. The
changes in wavelength correspond re-
spectively to an increase in recession ve-
locity of 9,000 kilometers per second
and an increase in approach velocity of
7,400 kilometers per second. The emis-
sion lines are those of hydrogen and he-
lium atoms at a temperature of about
10,000 degrees Kelvin.

Subsequent studies indicated that the
emissions arise from oppositely direct-
ed rotating beams in which particles are
accelerated to 81,000 kilometers per
second, or 27 percent of the velocity of
light. The beams sweep out two conelike
patterns in a period of about 164 days.
The commonaxis of the two cones inter-
sects the line of sight from the solar
system at an angle of 78 degrees. The
vertex angle of each cone is about 34
degrees, and it seems to vary by a few
degrees. Because the beams are viewed
from the side the peak observed veloci-
ties along the line of sight are much less
than the true velocities: about 32,000
kilometers per second toward the solar
system for the primarily “blue” beam
and about 54,000 kilometers per sec-
ond away from the solar system for the
“red” beam.

During a small part of each 164-day
cycle the blue beam is aimed slightly
away from a right angle to the line of
sight and is therefore briefly red-shifted.
Similarly, the red beam is aimed slightly
forward of a right angle for the same
length of time. Where one might expect
the red beam to be blue-shifted in that
part of its cycle it continues to exhibit a
red shift because of relativistic time di-
lation, which gives rise to what is called
a transverse Doppler shift. At the veloc-
ities at which the particles are moving
they show a constant red shift equiva-
lent to a velocity of 11,000 kilometers
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Historic pictures taken by NASA's
planetary missions, by Astronauts, or
with giant telescopes are now avail-
able expertly mounted, framed, and
ready to hang. These colorful wall
hangings combine science and tech-
nology with exploration, conquest,
and imagination into a product wor-
thy of America’s space achieve-
ments. Beautiful and decorative for
home or office. SATURN-PIONEER
Available. Send $1.00 for new 1979
color folder.

Space Art 178 “C" Avenue

MERGER OR
FINANCING?

Are you thinking of equity financ-
ing or merger of your company,
now or in the future? Beckman
Instruments maintains a long-term
search for top quality, technical
growth opportunities serving sci-
ence, medicine, and industry. Per-
haps you or an associate would
like a copy of our Diversification
Interests statement —foryour pres-
ent review or future reference.
Available on request and in
confidence.

ROBERT B.BROWN
Director of Corporate Planning

BECKMAN’

Beckman Instruments, Inc.
2500 Harbor Blvd., Fullerton, CA 92634

Coronado, CA 92118

AN EXPEDITION
TO THE DAWN

Olympic announces a personal, private study of the

”

Greek civilization, 3000 BC to 400 BC.

Now you can see Greece with some of the
people who uncovered ancient Greece. With
eminent archaeologists and historians who
can give you a perspective few Americans
have ever enjoyed.
This unique 2-week Expedition To The
Dawn—an Olympic Airways exclusive—in-
cludes Athens with viewings of private art
collections; Delphi; a sojourn on the Isle of
Crete with visits to fabled Knossos and Phaestos;
and the classical Peloponnese region delving into

Bassae, Methoni, Tiryns, Corinth, Mycenae, Epidaurus, Mystra and

Olympia.
A shortened weekend-to-weekend
version of the program is also avail-

able. Plus a 7-day extension to Egypt.

Program offers expert guides, lec-
tures, First Class hotels, most meals,
transfers, other extras. Selected Fri-
day departures via 747 on Olympic
—the nonstop airline to Greece with
one less seat per row. Call your travel
agent or Olympic Airways today.
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l
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per second. This offset of 11,000 kilo-
meters per second applies, of course,
to both beams at all times and so more
than cancels the expected blue shift of
the red beam.

It has been suspected that SS433 is a
binary star system. Recently David
Crampton, Anne Cowley and John
Hutchings of the Dominion Astrophys-
ical Observatory in Canada have con-
firmed this suspicion by refined Doppler
measurements. The source of visible
light is in orbit around a normal star too
faint to be photographed. SS433’s visi-
ble, X-ray and radio emissions evidently
arise from an accretion disk around a
neutron star, probably a supernova rem-
nant. Such a disk consists of matter be-
ing transferred from a normal member
of the binary pair to a highly collapsed
member: the neutron star. I. S. Shklov-
sky of the Institute of Space Research of
the Academy of Sciences of the U.S.S.R.
has suggested that mass is being trans-
ferred to the neutron star faster than it
can be absorbed. By some mechanism
the neutron star, perhaps a rapidly spin-
ning young pulsar, repels part of the in-
falling mass outward in two narrow
streams, giving rise to the observed
beams.

Homo erectus in the Pyrenees

For adecade French prehistorians have
worked at Arago Cave, a site 20
kilometers northwest of Perpignan near
the village of Tautavel in the eastern
Pyrenees. They have unearthed an abun-
dance of stone tools and animal bones
and the partial remains of at least 10
members of the genus Homo: three chil-
dren, one old woman, two young men
and four other adults whose sex is not
known. The remains are some 450,000
years old, which makes them the oldest
hominid fossils found in Europe.

With the recent opening of a museum
in Tautavel to display the results of the
Arago Cave work the chief investigator,
Henry de Lumley of the University of
Aix-Marseille, has summarized the re-
sults. His report identifies one of the ex-
cavated specimens, Arago XXI, as a fos-
sil of Homo erectus, the predecessor of
Homo sapiens. The specimen is a face
and forehead. The wear pattern of the
teeth and the condition of the suture
joining the frontal and parietal bones in-
dicate that the skull belonged to a young
male between 18 and 25 years old.

Arago XXI has a projecting upper jaw
and heavy brow ridges; the lower jaw
was not found. De Lumley estimates the
capacity of the cranium as being 1,050
cubic centimeters. (The average for
modern man is 1,360 c.c.) He finds that
the specimen is anatomically distinct
from specimens of Homo erectus found
in Africa and Asia. He has suggested
that Arago XXI be assigned to a new
subspecies: Homo erectus tautavelensis.

The great age of Arago XXI is ap-



Chevrolet Monte Carlo for1980.
You've never seen the likes
of it before.

An impressive statement,
you say?

Slip behind the wheel
of the new Monte Carlo for
1980. Run your hand along its
rich new look of vinyl wood-
grain. Take in its elegant new
upholsterings.

Then turn the key. Feel
yourself propelled by a new
standard 3.8 Liter (229 Cu.In.)
V6 engine” with greater
power output than last year’s
standard engine. A sensation
you can multiply with the new
available turbocharged V6 for
1980.

And, as you drive, remind
yourself that automatic
transmission and power
steering are standard this year.
And that it all comes together
in a Monte Carlo with
impressive EPA estimates
for 1980.
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CHEVROLET T
MONTE CARLO ok MWY.

Std. 229 Cu. In. V6 26
Avail. V6 Turbo 25

REMEMBER: Compare these
estimates to estimated MPG of other
cars. Your mileage mayvary depending
on speed, trip length and weather.
Actual highway mileage will probably
be less than the estimated highway
fuel economy. Monte Carlo is equipped
with GM-built engines produced by
various divisions. See your dealer
for details.
*Not available in California where
a 231 Cu. In. V6 is standard.
California EPA estimates lower.

The Chevy price makes
it look even better.
Which is perhaps the

most exciting aspect of Monte
Carlo’s impressive new
features and driving delights
for 1980.

They all come to you for
the price of a Chevrolet.

See your Chewy dealer
about buying or leasing the
new Monte Carlo.

You've never seen a
Monte Carlo quite like
it before.

New auatiatle 3 8 Liter

Monte Carlo’s new Special
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1980 ‘And underneath that. the
quiet comfort of a cushion
mounted full petimeter frame

The nch new look of vy
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instrument panel to
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look even better to you.

turbocharged V6
engine for passing
acceleration ondemand.

No other car looks quite like our
Cheuvrolet Monte Carlo. Impressive
new grille. new dual rectangular
headlights continue that distinction
for 1980.

Underneath it all, a highly tuned sport

suspension system for a solid feel
of the road'and nimble
agility around curves
and in and out of
traffic
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proximately the same as that of the
Homo erectus specimens from Peking.
Their age has recently been reestimated
and set at about 460,000 years. Peking
Man used fire, but no evidence of fire
has been found at Arago Cave. The ani-
mal bones unearthed at the site suggest
that the principal game animal was the
horse. Reindeer, deer, bison, cattle and
goats were also eaten, and these ancient
hunters even managed to kill rhinocer-
oses and elephants.

Grand Prix

Alyone who has mused on the behav-
ior of drivers in countries other
than his own is aware that people in dif-
ferent countries drive differently. Such
differences are also reflected in charac-
teristic national rates of death caused by
motor-vehicle accident. The current pic-
ture is discussed in the Sratistical Bulle-
tin of the Metropolitan Life Insurance
Company. Presenting the annual death
rate from motor-vehicle accidents in
three ways (per 100,000 population, per
100,000 registered motor vehicles and
per 100 million motor-vehicle miles),
the Bulletin finds that “West Germany’s
motor-vehicle-accident mortality was
high in relation to all three measures,”
whereas “Japan, Great Britain and Nor-
way had very low rates by all mea-

sures.” The U.S. had the lowest fatality
rate per 100 million vehicle miles and
the second-lowest per 100,000 regis-
tered vehicles, but the rate per 100,000
population was moderately high.

The report compares the various rates
for 13 countries in 1965-66 and 1975~
76. Over that decade fatality rates de-
clined in every country by the measures
of registered vehicles and miles driven;
they increased slightly per 100,000 pop-
ulation in France and Norway and de-
creased somewhat in the other coun-
tries. (The customary way to measure
the hazard from motor vehicles has
been in terms of the death rate per
100,000 population, but that measure-
ment fails to take into account either the
extent of motor-vehicle ownership or
the degree to which motor vehicles are
driven.)

The most remarkable declines by all
three measures were in Japan: from 14.2
deaths per 100,000 population to 9.2;
from 89.7 to 27.1 per 100,000 registered
vehicles, and from 23.4 to 4.8 per 100
million vehicle miles. The figures for the
U.S. in 1975-76 were 21.7 fatalities per
100,000 population, 33 per 100,000 reg-
istered vehicles and 3.4 per 100 million
vehicle miles. In West Germany, which
was at or near the upper extremes, the
figures were respectively 24.1, 68.1 and
7.9. Other countries that were on the

high side were France (25.5, 54.8 and
8.6) and Italy (17, 58.5 and 7.2).

Mushroom News

Walter Litten, the SCIENTIFIC AMERI-
CAN correspondent on poisonous
mushrooms, sends the following intel-
ligence:

A myth with lethal consequences has
long persisted. Many people still believe
poisonous mushrooms blacken silver
boiled with them and can thereby be
told from harmless species. When told
that this is not so, they ask for a more
reliable test and are disheartened to
learn there is no quick and easy way to
make the distinction among the hun-
dreds of species of mushroom that can
be encountered.

Since the pioneering studies of Theo-
dor Wieland and his collaborators at the
Max Planck Institute for Medical Re-
search in Heidelberg it has been general-
ly accepted that the deadly ingredients
of the deadly mushroom species are cy-
clopeptides: rings of amino acid units.
The chromatographic procedures for
demonstrating the presence of cyclo-
peptides are scarcely feasible for mush-
room hunters inexperienced in analyt-
ical chemistry. Now, however, Axel
Meixner has published in Zeitschrift fiir
Mpykologie an extremely simple test for

Dewar’s never varies.

The Dewar Highlanger*
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amatoxins, cyclopeptides of eight amino
acid units that attack the liver and kid-
neys of careless eaters of wild mush-
rooms by inhibiting an RNA polymer-
ase enzyme. The procedure is as follows:
(1) With a garlic press squeeze a drop of
juice from the fresh mushroom onto a
piece of newsprint. If only a small piece
is available for testing, enough juice
may be absorbed into the paper merely
by mashing. Mark the wet spot with a
pencil. (2) Dry the spot by gentle heat-
ing. (3) Put a drop of concentrated hy-
drochloric acid on the dried spot. (4) If
amatoxin is present, a blue color will
appear within one minute to 20 min-
utes, depending on whether the amatox-
in content is high or just a trace.
High-quality cellulose paper will not
work, because the test somehow de-
pends on an acid-catalyzed reaction
with the lignin left in inexpensive pulp
paper. With less dangerous mushrooms
containing tryptamine, such as A4ma-
nita citrina, a red color appears im-
mediately and turns bluish in half an
hour. The toxicology committee of the
North American Mycological Associa-
tion warns that a negative result does
not constitute proof of edibility. The
test does not yield a blue color for phal-
lotoxins, rings of seven amino acids that
may also be present. These cyclopep-
tides almost instantaneously destroy liv-

er cells when they are injected into the
peritoneum of an experimental animal,
but they are now thought to play no part
in mushroom poisoning by mouth.

Thadée Staron and Michel Courtillot
of the French National Center for Agro-
nomic Research believe that in mush-
room tissue the cyclopeptides are them-
selves linked in rings around a cen-
tral polysaccharide of high molecular
weight and that the resulting structures
in turn are joined to form even larger
aggregates. Their toxicological assays
convince them that these giant mole-
cules are more toxic weight for weight
than the separated cyclopeptides. They
postulate that the polysaccharide by it-
self is not toxic but serves to hold the
entire structure together until the cyclo-
peptides break away in the acid environ-
ment of the stomach, as they do under
chemical manipulation. According to
the French workers giant molecules of
elevated toxicity re-form when the sepa-
rated components enter the neutral en-
vironment of the intestine. From there
they presumably pass into the circulato-
ry system.

On the basis of reports that horses and
many rodents are comparatively toler-
ant to the deadly mushrooms, Barbara
Courtillot has incubated an extract of
Amanita virosa (known as “The Destroy-
ing Angel”) with homogenate of stom-

ach muscle from horses and mice. She
has found a reduction in toxicity, lead-
ing to the suggestion that something in
the gastric mucosa of resistant animals
binds the cyclopeptides of the dissociat-
ed ultratoxic molecule and leaves the
polysaccharide to pass on to the intes-
tine, where it is degraded. Subsequent-
ly, in this view, the cyclopeptides are
gradually released from the gastric mu-
cosa and eliminated almost harmlessly.

Staron and Michel Courtillot have
tested their model by purifying the
polysaccharide by chromatography and
incubation with a homogenate of rat
stomach tissue to remove the remaining
cyclopeptide. Injected into donor ani-
mals, this nontoxic polysaccharide acts
as an antigen to create antibody that can
immobilize the separated polysaccha-
ride and make it unavailable for recon-
stituting the ultratoxic giant molecule.
To some extent serum from these ani-
mals can protect other animals. Against
a dose of toxin only slightly above the
minimum lethal level, protection by the
purified polysaccharide can last for as
long as 15 months. Protection can also
be conferred by giving the serum up to
15 hours after the toxin. Conceivably in
cases where human amatoxin poisoning
is suspected soon enough a serum injec-
tion could make the difference between
life and death.

RAISA SCRIABINE

BORN: Bad Homburg, West Germany,
1950.

HOME: Washington, D.C.

FLUENCIES: Russian, French, German,
English, and Spanish.

FOUNDER AND PRESIDENT: Forum
International for Cultural Relations, a
consulting firm specializing in cultural
program development.

RECENT ACCOMPLISHMENT: Helped
negotiate an international Convention for
the Conservation of Migratory Birds.
CURRENT PROJECT: The study and
restoration of Russian artifacts in Alaska
PHILOSOPHY: “International
understanding will be built on common
ground; around cultural and
environmental ‘links’, not differences.”
FAVORITE PLACE: "'The far side of any
challenge.”

SPARE TIME: Pastels. Raisa has two
major New York gallery exhibits to her
credit.

SCOTCH: Dewar's “*White Label ' * and
soda. “‘Dewar’s is definitely a
philosopher’s Scotch . . . a personal,
reflective, Dostoevsky-reading drink.”
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\ / Thinsulate® Very simply, the
/ best synthetic insulating mate-
‘ rial ever developed for outdoor

wear. An innovation of the 3-M
Company that offers all the wet-
proof warmth of the early syn-
thetics, without their bulk and
weight. In fact, Thinsulate is al-
most as light as goosedown.

Insulation values, compared. One centimeter
of Thinsulate vs. other materials.

THINSULATE

[ pown

| POLYESTER
“Thinsulate” | '
is areg. TM PILE
of 3M Company :WOOL FELT |

Last year, Sierra Designs was
the first manufacturer to offer
Thinsulate-lined clothing de-
signed for backpackers, camp-
ers, and hikers.

Not surprisingly, our line of
slim, lightweight jackets, parkas
and vests was an immediate suc-
cess. Also not surprisingly, our
lead was immediately followed
by other manufacturers. Today,
there are dozens of Thinsulate-
lined garments available, under
a variety of labels.
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want is warmth,
you need.

And a variety of quality
standards.

So even though we’re no
longer your only source of Thin-
sulate, we think it still makes
sense to look for the Sierra De-
signs label. Because it’s the only
way to be sure you're getting
Sierra Designs’ tailoring, atten-
tion to detail, and meticulous
stitching.

For example, every stitch in
our Thinsulate-lined garments
islocked in place, so it will never
pull out. And every seam is
sewn eight to ten stitches

to the inch, because weve found
that fewer stitches weaken the
seam, while more stitches weak-
en the fabric.

We apply the same rigid stan-
dard of tailoring to the inside of
a garment as we do to the out-
side. Not because it looks better,
which it does. But because it%s
stronger and longer lasting.

And we inspect our Thinsu-
late-lined garments as carefully
as we sew them. Three separate
times. Before you ever try one
on, every seam will be checked

and trimmed. Every snap will be
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snapped and unsnapped. Every
zipper zipped and unzipped.

These are some of the things
we do that most other manufac-
turers don’t. But we also do
something no other manufac-
turer does.

We attach a Full Lifetime War-
ranty to every Thinsulate gar-
ment we make. It reads: “We
unconditionally warrant this
product against defects in ma-
terials and workmanship for
your lifetime. If any stitching
ever wears out, tears loose, or
breaks, return the product to us.
We will repair or replace it, free
of charge”

All of this means just one
thing: you may not be warmer
in a Sierra Designs Thinsulate-
lined garment.

But you should be warm a lot
longer.

For a list of dealers near you,
call 800-227-2082, toll-free.
Or write us at 247 Fourth Street,
Oakland, California 94607,
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An Encyclopedia of Science. For all who have an active interest in the
work of science, the new Index transforms the collected issues of SCIENTIFIC AMERICAN
into an encyclopedia of the substance and history of modern science. It is actually eight dif-
ferent indexes in one:

Index to Topics—a rotated key-word index of the subject matter of all articles and Science and the
Citizen features (see above).

Index to Proper Names— the names of all persons mentioned in the articles and Science and the
Citizen and of places and institutions featured in a primary role.

Listing of Tables of Contents—a chronological listing of the complete contents of all 362 issues that
provides ready identification, by titles and authors, of the articles cited in the two foregoing indexes.
Index to Authors—an alphabetical listing of authors of all articles.

Index to Titles of Articles—an alphabetical listing of all articles by the first key word in each title,
and by the other key words in the title.

Index to Book Reviews—a listing of the longer book reviews in three parts: authors of books, titles
and reviewers.

Index to Mathematical Games—a listing of the puzzles, games and diversions presented in this
department since its inception in January 1957, under the editorship of Martin Gardner.

Index to The Amateur Scientist—a listing of all the projects, experiments and demonstrations pre-

sented in this department from April 1952 through February 1976 under the editorship of the late C. L. Stong
and from July 1977 through June 1978 under the editorship of Jearl Walker.
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“You people sure know how to organize an

. ”
index! —Donn P. Brazier, Director,
St. Louis Museum of Science and Natural History

“This index is an invaluable complement to thirty years of
SCIENTIFIC AMERICAN. Aside from the usual author and title indexes, there is a topic
index—a kind of permuted key-word index—which takes the reader-researcher below the

. . 2]
level of title index. —New Technical Books,
The New York Public Library, July 1979

e — - ———— e

SCIENTIFIC :
AMERIC.AN 415 Madison Avenue, Dept. Cl, New York, N.Y. 10017 I

Yes,sendme __ copies of the new SCIENTIFIC AMERICAN
Cumulative Index to the 362 issues from May 1948 to June 1978, at the
price of $45 each plus $2.50 for shipping. If I enclose payment, you
will absorb the shipping charge. |

[T Mycheckfor$ ~isenclosed, saving me $2.50 shipping charges.

(] Bill me for $45 each copy, plus shipping.

Name

Address

City

State Zip

(Please add sales tax for California, Illinois, Massachusetts, Michigan, Ohio and New York.)
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The Neutral Theory
of Molecular Evolution

It holds that at the molecular level most evolutionary change and

most of the variability within a species are caused not by selection

but by random drift of mutant genes that are selectively equivalent

he Darwinian theory of evolution

through natural selection is firmly

established among biologists. The
theory holds that evolution is the re-
sult of an interplay between variation
and selection. In each generation a vast
amount of variation is produced within
a species by the mutation of genes and
by the random assortment of genes in
reproduction. Individuals whose genes
give rise to characters that are best
adapted to the environment will be the
fittest to survive, reproduce and leave
survivors that reproduce in their turn.
Species evolve by accumulating adap-
tive mutant genes and the characters to
which those genes give rise.

In this view any mutant allele, or mu-
tated form of a gene, is either more
adaptive or less adaptive than the allele
from which it is derived. It increases in
the population only by passing the strin-
gent test of natural selection. For more
than a decade now I have championed a
different view. I believe most of the mu-
tant genes that are detected only by the
chemical techniques of molecular ge-
netics are selectively neutral, that is,
they are adaptively neither more nor
less advantageous than the genes they
replace; at the molecular level most evo-
lutionary changes are caused by the
“random drift” of selectively equivalent
mutant genes.

The Evolution of Darwinism

The controversy between the neutral-
ist view and the “panselectionist” as-
sumption arises from the way the mod-
ern “synthetic” theory of evolution has
itself evolved. When Darwin formulat-
ed his original theory, the mechanisms
of ‘inheritance and the nature of herita-
ble variations were not known. With the
rise of Mendelian genetics in this centu-
ry the way was opened for efforts to sup-
ply a genetic base for Darwin’s insights.
This was achieved largely through the
elucidation by H. J. Muller of the funda-
mental nature of the gene and through

98

by Motoo Kimura

the methods of population genetics de-
veloped mainly by R. A. Fisher, J. B. S.
Haldane and Sewall Wright. On their
foundation subsequent studies of natu-
ral populations by Theodosius Dob-
zhansky, paleontological analyses by
George Gaylord Simpson, the “ecolog-

ical genetics” of E. B. Ford and his
school and other investigations built a
large and impressive edifice of neo-Dar-
winian theory.

By the early 1960’s there was a gener-
al consensus that every biological char-
acter could be interpreted in the light of

! ORDOVICIAN SILURIAN i DEVONIAN CARBONIFEROUS PERMIAN TRIASS
. + t T 1
500 440 400 350 270 225
MILLIONS OF YEARS AGO
le PALEOZOIC >

GENE DUPLICATION
TO FORM ALPHA
AND BETA CHAINS

PHYLOGENETIC TREE displays the evolutionary relations among seven vertebrates and
shows how and when their lineages have diverged from one another over geologic time. The
table at the right shows the extent to which an important protein, the alpha chain of hemoglo-
bin, differs in the seven animals; specifically it gives the number of differences in the sequence

© 1979 SCIENTIFIC AMERICAN, INC



JURASSIC

adaptive evolution through natural se-
lection and that almost no mutant genes
were selectively neutral. As Ernst Mayr
stated the case in 1963, “I consider it...
exceedingly unlikely that any gene will
remain selectively neutral for any length
of time.” A great deal was said by many
workers about how genes interact, how
gene pools of species are organized and
how gene frequencies in populations
change in the course of evolution. These
conclusions, however, were necessarily
inferences based on observations at the
phenotypic level: the level of the form
and function arising from the operation
of genes. There was no way of know-
ing what actually goes on in evolution
at the level of the internal structure of
the gene.

Meanwhile the mathematical theory
of population genetics was becoming
quite sophisticated (which is rather un-
usual in biology). Particularly notewor-
thy was the theoretical framework pro-
vided by the manipulation of partial
differential equations called diffusion
equations. Diffusion models enable one
to describe the behavior of mutant al-
leles by considering the random changes

CRETACEOUS

resulting from random sampling of ga-
metes (germ cells) in reproduction as
well as the deterministic changes caused
by mutation and selection. Although the
diffusion-equation method involves ap-
proximation, it yields answers to im-
portant but difficult questions that are
inaccessible by other methods, such as:
What is the probability of fixation for a
single mutant appearing in a finite popu-
lation and having a certain selective ad-
vantage, that is, what is the probability
that it will eventually spread through
the entire population?

The applicability of this method to
gene changes in evolution, however, re-
mained rather limited for some time.
The reason is that population genetics
deals with the concept of gene frequen-
cies (the relative prevalence of various
alleles within a population), whereas
conventional studies of evolution were
conducted at the phenotypic level, and
there was no direct way of connecting
the two sets of data unambiguously.
That obstacle was removed with the ad-
vent of molecular genetics. It became
possible to compare, in related organ-
isms, individual RN A molecules (the di-

—— MESOZOIC

L 1

135 70

v
N

CENOZOIC —>|

of amino acids that constitutes the chain. The hemoglobin molecule
has two alpha chains and two beta chains, which originated through
the duplication of a single gene some 450 million years ago. The table
reflects the approximate uniformity (predicted by the neutral theory)
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CHICKEN

NEWT

rect products of genes) and proteins (the
ultimate products) and so to estimate
the rate at which allelic genes are substi-
tuted in evolution. It also became pos-
sible to study the variability of genes
within a species. At last the time was at
hand for applying the mathematical the-
ory of population genetics to find out
how genes evolve. One might have ex-
pected that the principle of Darwinian
selection would prove to prevail at that
fundamental level. Indeed, many evolu-
tionary biologists found what they ex-
pected to find, and they have tended
to extend panselectionism to the molec-
ular level.

The Neutral Theory

The picture of evolutionary change
that actually emerged from molecular
studies seemed to me, however, to be
quite incompatible with the expecta-
tions of neo-Darwinism. One of my sa-
lient findings with regard to evolution
was that in a given protein the rate at
which amino acids (the subunits of pro-
teins) are substituted for one another is
about the same in many diverse line-

HUMAN BEING

CARP

SHARK

of the rate of evolution of a given protein in very different organisms.
The number of amino acid differences is roughly 20 when any of
the three mammals are compared with one another, and it is approxi-
mately 70 when the carp is compared with any of the three mammals.
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HUMAN ALPHA CARP ALPHA

TYPE OF CHANGE V. HUMAN BETA V. HUMAN BETA
" |
| NO CHANGE 62 61
|
ONE-NUCLEOTIDE 55 49
TWO-NUCLEOTIDE 21 29
GAP 9 10
i |
TOTAL 147 149

—

NUMBER OF DIFFERENCES between the amino acid sequences of the alpha chain and the
beta chain of human hemoglobin is compared with the number of differences between the se-
quences of the alpha chain in the carp and the human beta chain. The column at the left cate-
gorizes the amino acid sites according to whether there is no change, a change due to a mini-
mum of at least one nucleotide substitution or at least two substitutions in the genetic code at
each site, or a “gap”: an addition or a deletion of an amino acid. The numbers are similar wheth-
er one compares the chains in the same species or in the two species, suggesting that alpha
chains in two lineages have accumulated mutations at about same rate for 400 million years.

ages. Another finding was that the sub-
stitutions seem to be random rather than
having a pattern. A third finding was
that the overall rate of change at the
level of DNA, the actual genetic materi-
al, is very high, amounting to the substi-
tution of at least one nucleotide base
(DNA subunit) per genome (total genet-
ic complement) every two years in a
mammalian lineage. As for the extent of
variability within a species, electropho-
retic methods for detecting small differ-
ences among proteins suddenly dis-
closed a wealth of genetic variability;
the proteins produced by a large frac-
tion of the genes in diverse organisms
were found to be polymorphic, that is,
they were present in the species in vari-
ant forms. In many cases the protein
polymorphisms had no visible pheno-
typic effects and no obvious correla-
tion with environmental conditions.

In 1967, as I considered these puzzling
observations, I decided they suggested
two things. One was that a majority
of the nucleotide substitutions in the
course of evolution must be the result of

the random fixation of neutral or nearly
neutral mutants rather than the result of
positive Darwinian selection. The other
was that many protein polymorphisms
must be selectively neutral or nearly so
and must be maintained in a population
by the balance between mutational in-
put and random extinction. I presented
these thoughts at a meeting of the Ge-
netics Club in Fukuoka in November,
1967, and in a short paper in Nature the
following February. In 1969 strong sup-
port came from a paper in Science by
Jack Lester King, now of the Universi-
ty of California at Santa Barbara, and
Thomas H. Jukes of the University of
California at Berkeley. They had ar-
rived at the same ideas on molecular
evolution (although not on protein pol-
ymorphisms) independently, and they
presented cogent supporting data from
molecular biology.

The papers suggesting a neutral theo-
ry were severely criticized by evolution-
ists who believed the new molecular
data could be understood in the light
of orthodox neo-Darwinian principles,

4N, l

ALLELE FREQUENCY

TIME ———>
MUTANT ALLELES (variant genes) arise in a population at random. Their frequency fluc-
tuates; in time most of them disappear (gray lines), but some of them spread through the popu-
lation to fixation: a frequency of unity, or 100 percent (black lines). Population-genetic stud-
ies show that for a neutral allele that is destined for fixation the average number of genera-
tions until fixation is four times the effective population size, or 4V,. The average number
of generations between consecutive fixations is equal to the reciprocal of the mutation rate v.
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and the neutralist-selectionist controver-
sy continues today. The essential differ-
ence between the two schools of thought
can be appreciated by comparing their
differing explanations of the evolution-
ary process by which mutant genes
come to be substituted in a species. Ev-
ery substitution involves a sequence of
events in which a rare mutant allele ap-
pears in a population and eventually
spreads through the population to reach
fixation, or a frequency of 100 percent.
Selectionists maintain that for a mu-
tant allele to spread through a species
it must have some selective advantage
(although they admit that an allele that
is itself neutral may occasionally be car-
ried along by “hitchhiking” on a gene
that is selected for and with which it
is closely linked, and may thus reach a
high frequency).

Neutralists, on the other hand, con-
tend that some mutants can spread
through a population on their own with-
out having any selective advantage. If a
mutant is selectively equivalent to pre-
existing alleles, its fate is left to chance.
Its frequency fluctuates, increasing or
decreasing fortuitously over time, be-
cause only a relatively small number of
gametes are “sampled,” out of the vast
number of male and female gametes
produced in each generation, and are
therefore represented in individuals of
the next generation [see illustration on
page 102].

In the course of this random drift the
overwhelming majority of mutant al-
leles are lost by chance, but a remain-
ing minority of them eventually become
fixed in the population. If neutral muta-
tions are common at the molecular level
and if the random drift is continuous
over a long time (say millions of genera-
tions), the genetic composition of the
population will change significantly.
For any neutral mutant that appears in a
population the probability of eventual
fixation is equal to its initial frequency.
The average length of time until fixation
(excluding alleles that are lost) is four
times the “effective” population size, or
4N,. (The effective size of a population
is approximately equal to the number
of breeding individuals in one gener-
ation, and it is usually much smaller
than the total number of individuals in
the species.)

The neutral theory, I should make
clear, does not assume that neutral
genes are functionless but only that vari-
ous alleles may be equally effective in
promoting the survival and reproduc-
tion of the individual. If a mutant allele
encodes variant amino acids in a pro-
tein, the modified protein need function
only about as well as the original form;
it need not be precisely equivalent. In
higher organisms particularly, homeo-
stasis counteracts external environmen-
tal changes just as it does internal phys-
iological changes; fluctuations in the
environment do not necessarily imply



BEQAUSE the delicate bouquet of this young wine foretells its noble future, our winemaker
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Frev e e e b wih b T HE WINE REMEMBERS

Ernest & Julio Gallo, Modesto, CA

© 1979 SCIENTIFIC AMERICAN, INC



comparable fluctuations in the Darwin-
ian fitness of mutant genes.

Some criticisms of the neutral theo-
ry arise from an incorrect definition of
“natural selection.”” The phrase should
be applied strictly in the Darwinian
sense: natural selection acts through—
and must be assessed by—the differen-
tial survival and reproduction of the in-
dividual. The mere existence of detect-
able functional differences between two
molecular forms is not evidence for the
operation of natural selection, which
can be assessed only through investi-
gation of survival rates and fecundity.
Moreover, a clear distinction should
be made between positive (Darwinian)

4
8

.

selection and negative selection. The
latter, which Muller showed is the com-
moner form, eliminates deleterious mu-
tants; it has little to do with the gene
substitutions of evolution. A finding of
negative selection does not contradict
the neutral theory. Finally, the distinc-
tion between gene mutation in the indi-
vidual and gene substitution in the pop-
ulation should be kept in mind; only the
latter is directly related to molecular ev-
olution. For advantageous mutants the
rate of substitution is greatly influenced
by population size and degree of selec-
tive advantage (as I shall show below) as
well as by the mutation rate.

Two major findings with regard to

FIRST GENERATION

GENE POOL

————— RANDOM SAMPLING

MALE GAMETES

FEMALE GAMETES

T

FERTILIZATION

SECOND GENERATION

) GENE POOL

RANDOM CHANGES in gene frequency arise from random sampling of gametes (germ cells)
in reproduction, as is shown here for a hypothetical population of four individuals (gray circles),
each of which has two homologous genes (solid color and open color) inherited from the male
and female parents. In the first generation the frequency of the “solid” allele is 4/8, and so the
gene pool is 50 percent solid. Of the many gametes produced by a generation only a few are
sampled, at random, in reproduction; here only one solid allele happens to be present in the
four first-generation male gametes that engage in reproduction, so that the frequency of the
solid allele changes to 3/8 in the second generation of individuals and hence in their gene pool.
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molecular evolution demonstrate par-
ticularly clearly that its patterns are
quite different from those of phenotypic
evolution and that the laws governing
the two forms of evolution are different.
One is the finding, alluded to earlier,
that for each protein the rate of evolu-
tion in terms of amino acid substitutions
per year is approximately constant and
about the same in various lineages. The
other is that molecules or parts of a mol-
ecule subjected to a relatively small de-
gree of functional constraint evolve at a
higher rate (in terms of mutant substitu-
tions) than those subjected to stronger
constraints do.

Molecular Evolution

The constancy of the evolutionary
rate is apparent in the molecule of he-
moglobin, which in bony fishes and
higher vertebrates is a tetramer (a mole-
cule with four large subunits) consisting
of two identical alpha chains and two
identical beta chains. In mammals ami-
no acids are substituted in the alpha
chain, which has 141 amino acids, at the
rate of roughly one substitution in seven
million years. This corresponds to about
one substitution in a billion years (or
10-9 substitution per year) per amino
acid site. The rate does not appear to
depend on such factors as generation
time, living conditions and population
size. The approximate constancy of the
rate is evident when the number of ami-
no acid differences between the alpha
chains of various vertebrates is chart-
ed together with the phylogenetic tree
showing the relations among the verte-
brates and the times when they diverged
from one another in evolution [see illus-
tration on pages 98 and 99)].

The alpha and beta chains have essen-
tially the same structure, are about the
same length and show roughly the same
rate of evolutionary amino acid substi-
tution. They arose through gene dupli-
cation some 450 million years ago and
became differentiated as they accumu-
lated mutations independently. If one
compares the divergence between the al-
pha and the beta chain of man with the
divergence between the alpha chain of
the carp and the beta chain of man, it is
evident that in both cases the alpha and
beta chains differ from each other to
roughly the same extent. Because the al-
pha chain of man and that of the carp
differ from each other in about half of
their amino acid sites this suggests that
the alpha chains in two distinct lineages,
one leading to the carp and the other to
man, have accumulated mutations inde-
pendently and at practically the same
rate over a span of about 400 million
years. Moreover, the rate of amino acid
substitution observed in these compari-
sons is very similar to the rates observed
in comparisons of the alpha chains in
various mammals.

My assertion of constancy of the evo-
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The PW-80 Timecard, a multi function calculator for $29.95, now
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o A repetitive timer with alarm can be set to sound every hour,
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order to any major credit card. Most of our products are
not available at your local store. And if that isn't enough.
you have a 30 day no risk money back guarantee:

“Try any one of our products for 30 full days and if you are
not happy with the performance, features, or for any
reason wish to return a product, we will refund your full
purchase price!’

PW-80

CREDIT CARD BUYERS: TO ORDER CALL TOLL FREE
24 HOURS A DAY
To order in California call toll free (800) 432-7451

£ (800) 854-3831

DWS marketing international, Dept. §1, 350-A Fischer Av-
enue, Costa Mesa, California 92626 (714) 540-4444
Call our toll-free number for quickest service or send your check, Money
Order, or credit card info to us. Please allow ample time for checks to
clear. We accept Am. Ex., Carte Blanche, Diner's Club and all major credit
cards. Add $2.50 for insured postage & handling for first product & $1.00
for each additional product. Calif. addresses add 6% sales tax
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lutionary rate at the molecular level has
been criticized by, among others, Rich-
ard C. Lewontin of Harvard University,
who called the asserted constancy ““‘sim-
ply a confusion between an average and
a constant” and “nothing but the law
of large numbers.” The remarks reveal
a misunderstanding of the nature of
molecular evolution. One is attempting
here to compare intrinsic rates of evolu-
tion in different lineages. The death
rates characteristic of man and of an
insect do not become equal by merely
being averaged over a long period of
time or over a large number of individu-
als; there is no reason to expect two av-
erages to converge on each other unless
the intrinsic factors shaping them are
the same. My point is that intrinsic ev-
olutionary rates are essentially deter-
mined by the structure and function
of molecules and not by environmental
conditions.

Evolutionary rates are, to be sure, not
precisely constant in the sense that a rate
of radioactive decay is constant. My col-
league Tomoko Ohta and I showed in
1971 that the variance (the squared stan-
dard deviation) of the evolutionary rate
observed for hemoglobins and for the
protein cytochrome c in different mam-
malian lines is about 1.5 to 2.5 times
larger than the variance to be expected if
it were due only to chance. Charles H.
Langley and Walter M. Fitch did a more
elaborate analysis at the University of
Wisconsin School of Medicine, combin-
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ing data for the alpha and beta hemoglo-
bin chains, cytochrome ¢ and fibrino-
peptide 4, they found a variation in rates
of mutant substitution about 2.5 times
larger than the expected variance due to
chance fluctuations, and they took this
as evidence against the neutral theory.
Yet they also showed that when the esti-
mated number of substitutions between
diverging branches of a phylogenetic
tree is plotted against the corresponding
time of divergence, the points fall on a
straight line, which suggests the substan-
tial uniformity of the evolutionary rates.
It seems to me to be wrong to emphasize
local fluctuations as evidence against
the neutral theory while neglecting to
inquire into why the rate remains essen-
tially constant.

Rates of Evolution

Turning now to the quantitative rela-
tions that determine rates of evolution,
consider first the nucleotides constitut-
ing a genome: a single (haploid) set of
chromosomes. For a human being the
number of nucleotides is very large, on
the order of 3.5 billion. Because the mu-
tation rate per nucleotide site is low
(perhaps 10-8 per generation, or one
mutation per 100 million generations)
one can assume that whenever a mutant
appears it is at a new site. This assump-
tion is called the “infinite site” model in
population genetics.

Let v represent the mutation rate per

|

1 J

= r—
75 100 125

MILLIONS OF YEARS AGO

NUCLEOTIDE SUBSTITUTIONS estimated from the total number of amino acid differen-
ces observed in seven proteins in 16 pairs of mammals are plotted against the time since mem-
bers of each pair diverged. Except for lineages involving primates (open circles) the points fall
close to a straight line, again suggesting approximate uniformity of a protein’s molecular evo-
lutionary rate. Data are from Walter M. Fitch of University of Wisconsin School of Medicine.
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The brainbehind...

Look at that face. She’s beautiful.
And Polaroid’s SX-70 Sonar Land
camera caught her beauty with tech-
nology unmatched by any camera in
the world.

Sonar automatic focusing. With it,
you get perfect focus at the touch of

“SX-70" and “Polaroid™*

a button. In milliseconds the brain
reacts. Sound waves travel to your
subject and echo back. The distance
is measured, and the lens rotates auto-
matically to perfect focus.

The versatility of the cameraallows
you to shoot at will. Take a long
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shot. Come in for a close-up. Capture
an expression before it becomes self-
conscious. Take automatic exposures
up to 14 seconds. Or shoot as often
as every 1.5 seconds. Sonar readjusts
the focus every time. Instantly and
automatically.



But then, virtually everything close as 10.4 inches to infinity, never Look at the richness and depth of

about the SX-70 Sonar camera is requiring a change of lens. color in the kimono. These are the

automatic. It is the world’s smartest camera.  photographs the SX-70 Sonar can
[t deals automatically ‘with shutter For the beauty, look to the photo-  deliver. Instantly.

speeds. graphs. The close-up of the child is Because behind every beauty the
It automatically adjusts f-stops. a portrait of subtle shadings and camera hands you, is the remarkable
It enables you to shoot from as nuances of color. SX-70 Sonar brain.

POLAROID'S SX-70 SONAR

The world’s smartest camera.

© 1979 SCIENTIFIC AMERICAN, INC



UNIVERSAL

SPECTROMETRY

What it is and
how it pays off
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croprocessor based data gathering
and processing, (2) interchangeable
instrument modules (3) color-coded
video display and (4) bulk informa-
tion on mini-disks. UNISPEC gives
every materials analyst an open-
ended option if he has a require-
ment for X-ray energy spectrosoopy.
(XES). The money spent today won't
be wasted as needs change, because
the basic equipment is timeless
and changing needs are met by
adding inexpensive modules.

Before your company spends vast
sums for X-ray instrumentation, find
out more about UNISPEC. Write or

phone

KEVEX CORPORATION

1101 Chess Drive
Foster City, CA 94404
Phone (415) 573-5866

Kevex offers more ® Kevex makes it easier
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gamete per unit time (generation). Since
each individual has two sets of chromo-
somes, the total number of new mutants
introduced into a population of N indi-
viduals in each generation is 2 Nv. Now
let u be the probability that a single mu-
tant will ultimately reach fixation. Then,
in a steady state in which the process
of substitution goes on for a very long
time, the rate £ of mutant substitution
per unit time is given by the equation
k = 2 Nvu. That is, 2 Nv new mutants ap-
pear in each generation, of which the
fraction u eventually reach fixation,
and k represents the rate of evolution
in terms of mutant substitutions. The
equation can be applied not only to the
genome as a whole but also, with good
approximation, to a single gene consist-

80

ing of several hundred nucleotides or to
the protein encoded by a gene.

The probability u of ultimate fixation
is a well-known quantity in population
genetics. If the mutant is selectively neu-
tral, u equals 1 /(2 N). The reason is that
any one of the 2N genes in the popula-
tion is as likely as any other to be fixed,
and so the probability that the new mu-
tant will be the lucky gene is 1/(2N).
(This assumes that the process is being
viewed over a very long period of time,
since the average time for a neutral
gene to sweep through the population
is 4N,.) Substituting 1/(2N) for u in
the equation for the rate of evolution
(k = 2Nvu), one gets k = v. That is, the
rate of evolution in terms of mutant sub-
stitutions in the population is simply

60
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SUBSTITUTIONS PER GENE IN SHORT-GENERATION LINEAGES

[

0 10
SUBSTITUTIONS PER GENE IN LONG-GENERATION LINEAGES

20 30

MOLECULAR EVOLUTIONARY RATE in mammals that have a short generation time
was compared with the rate in mammals having a long generation time by Allan C. Wilson and
his colleagues at the University of California at Berkeley. Each point represents the ratio of
the implied nucleotide substitutions in the two animals of a pair since the two diverged from a
common ancestor; the open circle, for example, is for the beta chain of hemoglobin in the ele-
phant (abscissa) and in the mouse (ordinate). If the rate of change per year were identical in
both animals of a pair, the points would fall on a line (solid color). Actually the points are close
to that absolute-time line and far from sector predicted for generation-time effect (colored
area). Apparently molecular evolutionary rate is roughly constant per year, not per generation.
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GAS SAVERS

Looking for ways to
save gas and money? One
of the simplest solutions
is to drive your car a lit-
tle less. Here are six ideas
you can use to keep your
foot off the gas and more
money in your pocket.

can save at least $100
worth of gas every year.

Call ahead to be
sure you aren’t wasting
gas on an unnecessary
trip. On the average, a
wasted trip costs you
a dollar’s worth of gas.
Shop, bank and pay
your bills by mail. A 15¢
stamp is a lot cheaper
than a gallon of gas.
Ride a bike or take a
hike. You’ll feel more fit,
and you’ll have more
money to spend when
you get where you're
going—since you didn’t
waste it on . ¢

gasoline. ’ﬁgg-x .
#

Take public transpor-
tation as often as you
can. You’ll save gas and
help reduce air pollu-
tion, too.

This free booklet can
show you a lot more easy
ways to save gas and
money. To get your copy
write “Energy,” Box 62,
Oak Ridge, TN 37830.

ENERGY.
We can’t afford
to waste it.

U.S. Department of Energy

Ride to work with a
friend or neighbor just
one day a week and you
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equal to the rate of mutation per ga-
mete, independent of what the popula-
tion size may be.

This remarkable relation applies only
for neutral alleles. If the mutant has
a small selective advantage s, then u
equals 2s with good approximation, and
the equation for the rate of evolution
becomes k = 4Nsyv. That is, the rate of
evolution for selectively advantageous
genes depends on the size of the popula-
tion, the selective advantage and the rate
at which mutants having a given selec-
tive advantage arise in each generation.
One should expect, in this case, that the
rate of evolution would depend strongly
on the environment, being high for a
species offered new ecological opportu-
nities but low for those kept in a sta-
ble environment. It is highly unlikely, I
think, that the product Nsvshould be the
same in diverse vertebrate lineages, in
some of which phenotypic evolution has
been very rapid (as in the line leading to
man) and in others of which phenotyp-
ic evolution has long since practically
ceased (as in the line leading to the carp).
And yet the observed rates of molecular
evolution show remarkable constancy.
It seems to me that this constancy is
much more compatible with the expec-
tation of the neutral theory, that is, with
the equation k£ =, than it is with the
selectionist relation & = 4 Nsv.

Even more striking than the constan-
cy of the rate of evolution is the second
major feature of molecular evolution:
the weaker the functional constraint on
a molecule or a part of a molecule, the
higher the evolutionary rate of mutant
substitutions. There are regions of DNA
between genes, for example, and in the
case of higher organisms even within
genes, that do not participate in protein
formation and must therefore be much
less subject to natural selection; some
recent research has indicated that nucle-
otide substitutions are particularly prev-
alent in such regions of DNA.

Functional Constraint

This relation between a relative lack
of selective constraint and a relatively
high rate of molecular evolution has
been well established for certain pro-
teins. Among the proteins so far investi-
gated the highest evolutionary rate has
been found in fibrinopeptides, which ap-
pear to have little function, if any, after
they become separated from fibrinogen
to yield fibrin, a protein that plays arole
in blood clotting. The same effect is
observed in the case of the C chain of
the proinsulin molecule, a precursor of
insulin. The C chain, which is cleaved
from the precursor to form active insu-
lin, evolves at a rate several times high-
er than that of the active molecule. The
effect of constraint on the evolutionary
rate has also been noted for different
parts of the hemoglobin molecule. The
precise structure of the surface of the



HOW THE NEW EATON PROFITS FROM CHANGE

We're easing the squeeze in the Suez Canal with
air traffic control technology.

Eaton electronic traffic management systems.
They help direct traffic into busy airports. Soon
one will keep traffic moving in the Suez Canal.

That means 22,000 vessels ayear
- including 30% of the world’s tanker
fleet—will get the information they need
to steer clear every crowded mile be-
tween Suez and Port Said.

Designed and built by Eaton’s AIL
We also profit from Division, this Vessel
change inhydrau-  Traffic Management 7
lics for mining... System combines

clutches and
adjustable speed
drives...

ultra-high resolution radar with sophis-
ticated communications, a precise
ship-locating system, and a computer-
ized operations center. The result: a
new level of efficiency and safety in
busy ports from Alaska to San Fran-
cisco, from New York to the Mideast.

and sophisticated
Technological leadership like this noses forindusiry

and farm.
has helped Eaton grow to an annual

rate of $3 billionin sales. For the complete story,
write: Eaton Corporation, 100 Erieview Plaza,
Cleveland, Ohio 44114.
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The future is coming. And with it will come
great benefits for mankind. And a whole new set of
problems. Because we are a forest products com-
pany, and plant seeds that take up to 50 years to
become mature trees, Champion International has
to think a lot about the future. We’d like to share
some of the things we’ve learned with you—to help
you make intelligent choices in the years to come.
Here is something you might want to think about.

In the future, electronic
information gathering
and analysis techniques
could be used to find out
more about you, and what
you think and feel, than you
may want others to know.

How will we prevent our
heads from turning into
open books?

Are your thoughts and feelings your prop-
erty? Or do they belong to any organization
that has the skill, technology and intent to col-
lect whatever personal data they want about
you?

This is a major question concerning many
of the world’s leading lawmakers today. And
with advancing technology, it will become
even more of an issue in the future.

Futurist David Goodman believes that
ours could become “the most snooped -
on society in history” unless we take steps to
prevent it.

The issue of personal privacy is a very
complex one.

First of all, there is no commonly accepted
definition of privacy.

Is privacy “the right to be let alone™? Or is
it “the right of the individual to determine
when, how, and to what extent there should be
a disclosure of information about himself”?

To dramatize how difficult it is to find an
appropriate definition, after two years of
study and debate a government commission
called The Privacy Protection Study Com-
mission finally concluded that privacy was
not even a good label for many of the issues
they were considering, and settled, for lack of
a better term, on “fair informational practices.”

Many legislators understand that while
personal privacy must be meaningfully
protected, restrictions on the gathering and
analysis of personal data could seriously
hamper our society’s ability to make important
decisions.

As our society becomes more complex, we
need to rely on the accurate large-scale gather-
ing and analysis of information to help us with
rational decision-making about important
public issues like allocation of resources, hous-
ing and food supply and health care needs.

Accurate information gathering would also
be invaluable in such critical personal decisions
as choice of careers, habitats—even mates.

Obviously, information will be one of our
most important products in the future.
Already, one job in two in the U.S. is related to
the handling of information.

The Privacy Protection Study Commis-
sion has recommended that Congress establish
an independent Federal Privacy Board within
the government to protect personal privacy
in The Age of Information, with its omnidirec-
tional microphones, its lasers, its incredible
data banks, etc.

Obviously, there are legitimate needs on
both sides of the privacy issue. What we now
do about the use of personal information can
have a profound effect on our future. It’s
something to think about.

But if you'd like to do more than just think
about it, write to:

Champion International Corporation,

Box 10126, 1 Landmark Square, Stamford,
Connecticut 06921.

Champion, a forest products company
with its roots planted firmly in the future.

We are in the forest products business. We plant
trees and harvest trees. We produce wood and paper. And
we make things out of wood and paper.

Because we make our living from the forest,
our success depends, in one way or another, on the future.
These are our operating divisions that are
planning for the future:

CHAMPION TIMBERLANDS
CHAMPION BUILDING PRODUCTS
CHAMPION PAPERS
CHAMPION PACKAGING (HOERNER WALDORF)

O: Champion International Corporation

Planting seeds for the future
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PROTEIN

EVOLUTIONARY RATE

FIBRINOPEPTIDES
PANCREATIC RIBONUCLEASE
HEMOGLOBIN CHAINS
MYOGLOBIN
ANIMAL LYSOZYME
INSULIN
CYTOCHROME ¢
HISTONE IV

WHAT STARIS THAT?

The ISO-VUE STAR POINTER will tell you.
Just point it at any star or constellation to find
out its name!

It will also find any star, planet, or constella-
tion for you, too. And it points to it, and holds
up a map of it at just the right angle for your
time and place—anywhere, any time. And
much, much more.

Complete instructions, sky maps and Star
Cards for the 32 major constellations. Satis-
faction guaranteed, or full refund. $6.95 +
95¢ postage. ISO-VUE, 6306 H. Baylor Dr.,
Tucson, Arizona 85710.

| ORDERS SHIPPED SAME DAY RECEIVED
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PROTEINS VARY WIDELY in their rate of evolution. Here the rate is given for several pro-
teins in terms of the number of amino acid substitutions per amino acid site per billion years.
The rate is particularly high for fibrinopeptides, which appear to have little function after they
are cleaved from a precursor molecule to yield the active blood-clotting protein fibrin. Pro-
teins such as fibrinopeptides are subject to less functional constraint, and evolve faster, than
proteins whose precise shape is significant and hence subjects them to stronger constraint,

molecule is presumably less significant
than the structure of the pockets, in the
interior of the molecule, that hold the
iron-containing heme groups. Ohta and
I have estimated that the regions of both
the alpha and the beta chain that are at
the surface of the protein evolve about
10 times faster than the regions forming
the heme pocket.

The genetic code is based on groups
of three nucleotides, with each triplet
“codon” in a strand of RNA specifying
a particular amino acid of the protein
chain encoded by the RNA. For exam-
ple, the codon GUU(the letters stand for
particular nucleotide bases) specifies the
amino acid valine. So does GUC, how-
ever; the genetic code is “degenerate,”

with most amino acids being designated
by two or more synonyms, which typi-
cally differ only in the third position of
the triplet. As a result a large fraction
(perhaps 70 percent) of all random nu-
cleotide substitutions at the third posi-
tion are synonymous changes and do not
lead to amino acid replacements. There
is growing evidence that evolutionary
nucleotide substitution goes on at a par-
ticularly high rate at the third position.
Michael Grunstein of the University of
California at Los Angeles and his col-
leagues compared the RNA sequences
encoding the protein histone IV in two
species of sea urchin. They found that
although the protein has maintained a
practically unchanged amino acid se-
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B CHAIN C CHAIN A CHAIN
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INSULIN
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EVOLUTIONARY RATE
4 x 1072 PER AMINO ACID SITE
PER YEAR

EVOLUTIONARY RATE
2.4 x 10-° PER AMINO ACID SITE
PER YEAR

C CHAIN OF PROINSULIN (light color) is cleaved from the precursor molecule and discard-
ed, and the A and B chains (dark color) are joined by disulfide bridges (S—S) to form the active
insulin molecule. In keeping with the C chain’s relative freedom from functional constraint,
it has been found to evolve at a much higher rate than the two chains of the active molecule.
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Meet
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Big Brother!

New TRS-80
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Systems from
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We've added a bigger, more powerful “brother" to the TRS-80

family. It's TRS-80 Model Il, a completely new microcomputer |

for business applications. Its capabilities begin where
Model | approaches upper limits. Storage capacity from

Y2 megabyte to 2 megabytes! For earliest delivery, order now
from any of our 7000 locations

This is the
computer...

TRS5-80 Computer Consultant
Ralph Lipe of Fort Worth, Texas

to write this program!
TRS'SO@D. .. from $499>(|‘Level 1, 4K)

Fourteen-year-old Ralph Lipe taught himself to
program a TRS-80 Microcomputer System with
Radio Shack’s *“plain language” instruction
manual. Then he developed a program for com-
pleting the IRS 1040-A tax form that took top
honors at his school and regional science fairs.
That was last year.

This year Ralph is in high school and working
part-time as a computer consultant. Everyone
from grade schoolers to graduate students can
use the world’s best-selling microcomputer, the
TRS-80. It doesn’t do your thinking for you — it
helps you learn to think. Think about it!

Radioe fhaek

The biggest name in little computers™

A Division of Tandy Corporation * Over 7000 Locations in 40 Countries

‘Retail prices may vary at individual stores and dealers.
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The more you travel and the more you en-
tertain, the more you need the American
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Card can do for you.

The American Express Card can do far
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quence for about a billion years, a num-
ber of synonymous nucleotide differen-
ces are found in the RNA sequences
of the two species. On the basis of their
data and paleontological evidence on
the length of time since the species di-
verged,  have estimated that therate of
nucleotide substitution has been rough-
ly 3.7 X 10 -9 per year at the third po-
sition, a very high rate. What is remark-
able is that there have been so many
synonymous mutant substitutions in the
histone-1V gene in spite of the very low
rate of amino acid changes in the corre-
sponding protein.

These observations can be explained
simply and consistently by the neutral
theory. Suppose a certain fraction f; of
all molecular mutants are selectively
neutral and the rest are definitely delete-
rious. Then the mutation rate v for neu-
tral alleles is equal to the total mutation
rate vy multiplied by f,, so that the
overall rate & of mutant substitution be-
comes equal to vzfy. Now assume that
the probability that a mutational change
is neutral (not harmful) depends strong-
ly on functional constraints. The weaker
the constraint is, the larger will be the
probability f; that a random change is
neutral, with the result that the rate of
evolution k increases. The maximum
evolutionary rate is attained when f
equals 1, that is, when all the mutations
are neutral. In my opinion the high evo-
lutionary rates observed at the third po-
sition of the codon are rather near this
limit.

The neutral theory, then, predicts that
as functional constraint diminishes, the
rate of evolution converges to the max-
imum value set by the total mutation
rate. Confirmation of such a conver-
gence, or plateauing, of molecular evo-
lutionary rates by further studies would
be strongevidence in support of the neu-
tral theory. This interpretation of the
molecular data will not make sense to
selectionists. In their view molecules or
parts of a molecule that are evolving
rapidly in terms of mutant substitutions
must have some important but as yet

unknown function and must be under-
going rapid adaptive improvement by
accumulating beneficial mutants. And
they will see no reason to believe the
upper limit of the evolutionary rate is
related to the total mutation rate.

Polymorphism

Neutralists and selectionists also have
diametrically opposed explanations for
the mechanisms by which genetic varia-
bility is maintained within a species,
particularly in the form of protein poly-
morphism: the coexistence in a species
of two or more different forms of a pro-
tein. Neutralists maintain that polymor-
phisms are selectively neutral and are
maintained in a population through mu-
tational input and random extinction; in
every generation a number of neutral
mutants arise and in time either become
fixed in the population or are lost, and
in the process they contribute to genet-
ic variability in the form of polymor-
phisms. In the neutral view polymor-
phism and molecular evolution are not
two distinct phenomena; polymorphism
is simply one phase of molecular evo-
lution.

Selectionists maintain that polymor-
phisms are actively maintained by some
form of ‘“balancing selection,” notable
among which are heterotic selection, or
“heterozygote advantage,” and frequen-
cy-dependent selection. At one time the
former was enthusiastically proposed as
the main agent maintaining polymor-
phisms. There are instances in which in-
dividuals that are heterozygous for a
particular gene (that carry a different al-
lele of the gene on each of their two
chromosomes) are fitter than individu-
alsthatare homozygous for either allele
(that carry one or the other allele on
both chromosomes). Selection will then
tend to preserve both alleles in the popu-
lation as a balanced polymorphism. In
1973, however, Roger D. Milkman of
the University of lowa found abundant
polymorphisms in the bacterium Esche-
richia coli, which is a haploid organism:

it has only one set of genes. Hetero-
zygote advantage cannot explain such
polymorphisms.

Nowadays many selectionists explain
polymorphisms as being the result of
frequency-dependent selection, in which
the fitnesses of two alleles vary with
their relative frequency. This was first
proposed by the late Ken-Ichi Kojima of
the University of Texas at Austin and
his colleagues, who obtained results in-
dicating marked frequency-dependent
selection affecting the genes for the en-
zymes esterase-6 and alcohol dehy-
drogenase (ADH) in the fruit fly Dro-
sophila melanogaster; Bryan Clarke of
the University of Nottingham reported
that he had confirmed Kojima’s results
in the case of ADH. On the other hand,
experiments done by Tsuneyuki Yama-
zaki, now of Kyushu University, failed
to show any such selection for esterase-
5 alleles in Drosophila pseudoobscura. A
group led by Terumi Mukai of Kyushu
carried out extensive studies of selection
for several enzymes in D. melanogaster
and found no evidence for a difference
in the fitness of variant forms of the en-
zymes. And recent careful, large-scale
experiments by Mukai and Hiroshi
Yoshimaru have failed to find any fre-
quency-dependent selection for ADH in
D. melanogaster.

If selection is not responsible for
maintaining polymorphisms, what neu-
tralist explanation is there for the fact
that some proteins are more often poly-
morphic than others? Recently Richard
K. Koehn of the State University of
New York at Stony Brook and W. F.
Eanes, now of Harvard, and also Masa-
toshi Nei’s group at the University of
Texas at Houston, have shown that in
various Drosophila species there is a sig-
nificant correlation between the genetic
variability (or polymorphism) of pro-
teins and the weight of their molecular
subunits. This is easy to explain accord-
ing to the neutral theory because the
larger the size of a subunit is, the higher
its mutation rate should be. Harry Har-
ris of the University of Pennsylvania

‘ [ [ [ ] ]
L. PICTUS MESSENGER RNA | GA H AAC | AUC | CAA GGH AU ITI' AC H AAA | CCG | Gc|a|| Auc |
| | | —
| |
S. PURPURATUS MESSENGERRNA | GA [C|| AAC | AuC | cAA |GG|u| AU[c| Acla| 2 2| aclul| Auc
HISTONE IV AMINO ACID ] '
SEQUENCE INBOTH SPECIES | Asp | Asn lle Gn | Gl lle ‘ The | Llys | Pro ‘ Ala lle
| | | 1 i
24 25 26 27 28 29 30 31 32 33 34

NUCLEOTIDE SEQUENCES of the messenger RNA encoding the
protein histone IV in two sea-urchin species, Lyrechinus pictus and
Strongylocentrotus purpuratus, were compared by Michael Grun-
stein of the University of California at Los Angeles. There are four
RNA nucleotides (4, G, U and C); three-nucleotide codons specify
the various amino acids that constitute a protein. Most amino acids
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are specified by two or more synonymous codons, which usually dif-
fer only at their third position. In this short stretch of RNA coding
for amino acid sites 24 through 34 of histone IV there are five syn-
onymous differences (color) in third-position nucleotides. That is,
there has been a high rate of nucleotide substitution at the uncon-
strained third position, leaving the amino acid sequences unaffected.
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These days, having a healthy family is
more of a blessing than you may realize. In
recent years, the cost of health care has
risen faster than the rate of inflation.

It's lucky for all of us that states like
Maryland are blazing some cost-cutting
trails. They've set up hospital cost review
commissions that study hospital budgets a
year in advance and recommend changes
that hold down cost increases.

And look what Maryland accomplished.
Since 1976, cost increases have been
about 16% below the national average; a
$189 million saving for all patients. And the
results are as impressive in Connecticut,
Massachusetts and other states.

Figures like that speak for themselves.
With a little effort, and a lot of involvement,
imagine what we could accomplish if every
state had a commission.

We hope you're as impressed with this
cost cutting as we are. As a major part of
the nation’s private health insurance
system, which provides general health care
coverage for 179,000,000 Americans and
protection against major medical expenses
for nearly 140,000,000, keeping costs
controlled is a top priority with us. Because
keeping costs down keeps premiums
down, too. And that makes good health
care affordable to more people.

That's why we're doing our part to
help. For instance, many of our companies
are cutting costs by paying for pre-hospital-
ization testing and second opinions for
surgery.

If you'd like to know more about state
hospital cost review commissions, we'll
send you our free booklet, Cutting Health
Care Costs with Hospital Budget Review.
Write us at Health Insurance Institute,
Department 17, 1850 K Street, N.W.,
Washington, D.C. 20006.
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and his colleagues could not find the
same correlation when they investigated
human polymorphisms, but they did
find that single-subunit enzymes are
more polymorphic than multiple-sub-
unit ones, something that Eleftherios
Zouros of Dalhousie University had
earlier reported in Drosophila. One find-
ing by Zouros and Harris fits the neutral
theory particularly well: multiple-sub-
unit enzymes that form hybrid mole-
cules by combining with enzymes en-
coded by other genes have a clearly
reduced level of polymorphism. The
precise interaction among subunits re-
quired to form such enzymes would in-
crease the degree of functional con-
straint and so reduce the possibility that
a mutation will be harmless, or neutral.

Neutralists, in other words, consider
molecular structure and function to be
the major determinants of protein pol-
ymorphisms. Selectionists consider en-
vironmental conditions to be the ma-
jor determinants. They have maintained
that there should be a correlation be-
tween environmental variability and ge-
netic variability. They predicted, for ex-
ample, that organisms living at the bot-
tom of the deep sea would generally be
found to display little genetic variability
because their environment is stable and
homogeneous, whereas organisms liv-
ing in the intertidal zone would display a
great deal of genetic variability because
their environment is a changeable one.
The prediction was logical and plausi-
ble, but it failed: genetic variability has
been found to be generally extremely
high among organisms living at the bot-
tom of the oceans and to be very low
among organisms living in the intertid-
al zone.

Models

In order to carry out quantitative
studies based on population genetics
one needs mathematical models for the
mutational production of new alleles.
The first such model was proposed in
1964 by James F. Crow of the Universi-
ty of Wisconsin and me. It is based on
the fact that each gene consists of a large
number of nucleotides, so that a practi-
cally infinite number of alleles can arise;
the model therefore assumes that any
new mutant arising represents a new al-
lele rather than a preexisting one. The
model predicts that variability within a
species, in terms of the average hetero-
zygosity H per gene, will be determined
essentially by the product of the effec-
tive population size N,and the mutation
rate v per gene per generation, rather
than by N,and v separately. Specifically,
H equals 4N,v/(4N,v + 1). For exam-
ple, if the mutation rate is 10 -6 and the
effective population size is 105, the aver-
age heterozygosity per gene will be
about .286, that is, 28.6 percent of the
individuals are heterozygous at each
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gene locus on the average. The larger
either the population size or the muta-
tion rate per gene per generation is, the
closer the average heterozygosity will be
to unity (or 100 percent).

The model assumes that alleles are
identified at the level of the gene in
terms of actual nucleotide substitutions.
Most observations of variability de-
pend, however, on the electrophoresis of
proteins, which has much less resolving
power and is far from revealing all nu-
cleotide substitutions (or even all amino
acid changes), so that the observed het-
erozygosity is less than the true amount.
Even when the model is modified to take
account of this problem, very large pop-
ulations should, according to the neutral
theory, display nearly 100 percent heter-
ozygosity. When observations suggest
otherwise, the theory is subject to criti-
cism. For example, Francisco J. Ayala
of the University of California at Davis
has reported that in the neotropical fruit
fly Drosophila willistoni, for which he es-
timates a very large effective population
size of 109, he has found an observed
heterozygosity of roughly 18 percent.
He points out that even assuming a very
low rate of neutral mutations per gener-
ation, 10 -7, the predicted heterozygosi-
ty is practically 100 percent.

There are at least two ways to deal
with this apparent inconsistency. First
of all, it is possible that the effective pop-
ulation size of D. willistoni has not been
as large as 109 even if the apparent pres-
ent size of the population is enormous.
One can show mathematically that the
genetic variability due to neutral alleles
can be greatly reduced by a population
“bottleneck” from time to time, after
which it takes millions of generations
for the variability to build up again to
the theoretical level characteristic of a
very large population maintained con-
stantly over a long period. In this sense
such neotropical species as D. willistoni
may still show the effects of the bottle-
neck imposed by the last continental
glaciation, between some 30,000 and
10,000 years ago. In addition the lo-
cal extinction of colonies of a species,
which may be fairly frequent, must re-
duce the effective population size.

A second possibility is that, as Ohta
first proposed in 1973, the majority of
“neutral” alleles may not actually be
strictly neutral but rather may be very
slightly deleterious. Adopting Ohta’s
idea, but retaining room for truly neu-
tral mutations also, [ have considered a
model in which the selection coefficient
s against the mutant follows a particu-
lar distribution (the gamma distribu-
tion) [see illustration on page 124). The
mutation rate for variants whose nega-
tive selection (s’) value is smaller than
the reciprocal of two times the popula-
tion size, or 1/(2N), can be considered
the effectively neutral mutation rate v,.
It can be shown that this effectively neu-



Main intersection at a Hollywood oil field.

*This is the set where they shot ‘Hello, Dolly?
What you can’t see is us pumping oil behind it

“One of the strangest places |
ever produced oil,” says Gulf Pro-
duction Superintendent Eddie
Culbertson, “was right here in
Los Angeles, in the back lot of
the 20th Century-Fox studio.

“They found a big oil field
right under a permanent set be-
ing used for shooting the movie

‘Hello, Dolly! in 1969.

The indirect approach

“How do you get at the oil
without disturbing the set, the

streets, or the

buildings?
With a tech-
nique called

“We showed them how

they could have their
oil and their movies.”

directional drilling. The oil is as
far as one mile from the surface
location of the drill sites, which
were hidden by the scenery.
“Directional drilling has other

advantages. You can drill 20 or 30

wells from just one drill site. Or
you can drill for some offshore
oil without

putting the

“Behind the scenery

are 22 producing
oil wells.”
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drilling rig right in the water.
Keep America beavutiful

“Sometimes it’s a real chal-
lenge getting the oil without
spoiling the landscape. Direc-
tional drilling is one way to do
it. There are many more.

“Getting the oil out and pre-
serving the environment is a

challenge, but I'd say we were
meeting it very well.”

Gulf Oil Corporation.
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tral mutation rate decreases as the popu- tation rate per generation is constant.
lation increases; in the case illustrated Note that although this explanation in-
the rate is proportional to 1 divided by  vokes natural selection, it is quite differ-
the square root of the population size.In  ent from the selectionist explanation.
this model the level of heterozygosity

increases only slowly as the population A Quantitative Approach
increases. Moreover, given a realistic
assumption about generation time, the The neutral theory of molecular evo-

rate of evolution in terms of mutant lutionand polymorphism thatIhave de-
substitutions would be roughly constant  veloped in collaboration with my col-
per year for various lineages if the mu- leagues Ohta and Takeo Maruyama is

RELATIVE FREQUENCY

T ——

L
0 1073 2 x 1073
SELECTIVE DISADVANTAGE (s')

THEORETICAL MODEL assumes that most “neutral” alleles are actually slightly deleterious
and therefore subject to a small coefficient of negative selection s’. The model shows the frequen-
cy distribution (color curve) of the value of s’ for mutations at various sites in a gene. Mutations
whose selective disadvantage is less than 1 divided by two times the population size N are ef-
fectively neutral. The area under the curve (gray) that is occupied by such mutants will decrease
as the population increases. As the effectively neutral fraction of the mutants thus decreases,
and as more mutants are c quently exposed to negative selection, the rate of molecular evo-
lution will be reduced. In this model level of heterozygosity (a measure of variability) increases
slowly with population size, bringing predictions of neutral theory into line with observation.
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distinguished from most selectionist ap-
proaches—in particular from the ap-
proach of ecological genetics—in that it
aims at a quantitative description of mo-
lecular evolution, which we attempt to
achieve by manipulating diffusion equa-
tions. It is a venture in what might be
called molecular population genetics.
Nei and his associates at Houston have
contributed greatly to this effort, in par-
ticular by connecting theoretical pre-
dictions with actual observations. They
have shown, for example, that the vari-
ance of heterozygosity for particular en-
zymes within a species can be predicted
fairly accurately by the neutral theory
on the basis of observations of mean
heterozygosity.

Because our theory is quantitative it is
testable and therefore much more sus-
ceptible to refutation when it is wrong
than are selectionist theories, which can
invoke special kinds of selection to fit
special circumstances and which usual-
ly fail to make quantitative predictions.
To test the neutral theory, however, it
is necessary to estimate such quantities
as mutation rates, selection coefficients,
population sizes and migration rates.
Many evolutionary biologists maintain
that such population-genetic quantities
can never be accurately determined and
that consequently any theory depend-
ent on them is a futile exercise. I, on
the other hand, believe these quantities
must be investigated and measured if
the mechanisms of evolution are to
be understood. Surely astronomers and
cosmologists cannot eschew theories set
forth in terms of astronomical quanti-
ties simply because such quantities are
hard to estimate accurately.

Darwinian selection acts mainly on
phenotypes shaped by the activity of
many genes. Environmental conditions
surely play a decisive role in determin-
ing what phenotypes are selected for;
Darwinian, or positive, selection cares
little how those phenotypes are deter-
mined by genotypes. The laws govern-
ing molecular evolution are clearly
different from those governing pheno-
typic evolution. Even if Darwin’s princi-
ple of natural selection prevails in deter-
mining evolution at the phenotypic lev-
el, down at the level of the internal struc-
ture of the genetic material a great deal
of evolutionary change is propelled by
random drift. Although this random
process is slow and insignificant in the
time frame of man’s ephemeral exis-
tence, over geologic time it makes for
change on an enormous scale.

People have told me, directly and in-
directly, that the neutral theory is not
important. biologically because neutral
genes are not involved in adaptation.
My own view is that what is important is
to find the truth, and that if the neutral
theory is a valid investigative hypothe-
sis, then to establish the theory, test it
against the data and defend it is a worth-
while scientific enterprise.
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Taking power from the oceans.

The first sea-based generating plant fueled by the warm
and cold waters of the ocean is now producing electricity
off the island of Hawaii.

Barge-mounted, it is a small-scale version of the free-
fuel concept called Ocean Thermal Energy Conversion
(OTECQ). Basically, the principle uses a flow of warm surface
waters and cold deep waters to drive a heat-exchanging
engine, which in turn powers electric generators.

The small Hawaiian OTEC installation, for which
Lockheed has major responsibility, produces only about
50 kilowatts. But it foretells huge OTEC platforms, each
producing enough power for an onshore population of
100,000. In groups, the floating plants could generate
all the electricity for major cities, using only the free
ocean waters as fuel.

A proposed giant OTEC plant

Lockheed o how.

Harnessing the wind.

Atop a 100-foot steel tower in Clayton, New Mexico,
two giant Lockheed-built blades are being wind-driven to
furnish about 15% of the town’s electric power.

The 60-foot-long ¢
blades are connected
to a 200-kilowatt
generator and rotate
when the wind ex-
ceeds about 12 miles
per hour, which it
does most of the time.

A joint project of
the Department of
Energy and NASA, the
Clayton wind turblne 7
was the first of such installations. A second is now at
work on Culebra Island, Puerto Rico, and a third will be
operating on Block Island, off Rhode Island, this year.

Wind-harnessing is a fast-growing activity. And experts
estimate that, by the year 2000, wind turbines could
supply as much as 10% of the nation’s electric energy.

Polishing up a power plant.

That future outer-space missions will demand huge
amounts of electrical power is certain. So Lockheed is
readying a large-scale, photovoltaic generating plant for
its first test flight on board NASA’s Space Shuttle in
the early 1980s.

The project is being developed for Marshall Space Flight
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solve the energy problem.

Center. In final operating form, it will be a giant, foldable,

winglike array —13% feet wide by 105 feet long— paved
with 41 modules of tightly packed solar cells that convert
the sun’s energy into a hefty 12% kilowatts of power.
The great, single array —largest ever in size and specific
power output—may foreshadow large orbiting stations
that transmit electric power from space to Earth.
It incorporates astonishing engineering. Its large but

lightweight mass, positioned by a telescoping mast, folds
into a spacecraft storage area 13% feet long, only 2% feet
wide, and a mere 5 inches deep!

Making jetliners more fuel-efficient.

Now in many L-1011 TriStars is an exclusive fuel-saving
system that’s been called “the most significant advance
since the autopilot”

This computer-controlled Lockheed Flight Manage-
ment System automatically calculates altitude,
speed and other factors. Then it acts physically, without

Control panel for Flight Management System

pilot attention, to control engine throttles for optimum
fuel-use efficiency throughout flight.

The system isn’t just for new L-1011s. It can easily be
retrofitted into existing planes as well.

And the savings? Big. They could total millions of
dollars over the life of each L-1011 TriStar.

Working to keep up our energy.

Lockheed scientists and engineers are hard at work on
other energy projects.

They're investigating advanced fuel-cell power systems.
They're studying ways to make liquid hydrogen the fuel
for future hypersonic aircraft. And theyre constantly
looking at new applications concepts for solar energy.

When it comes to solving complex problems by using
advanced technologies, Lockheed knows how.

Lockheed
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Wydec 4000 series word
processors feature the
world's first two-full-page
display screen

Qyx, The intelligent Typewniter,
lets you add memory,

display or communications

So Qyx can grow smarter
without growing larger

Qwip Two facsimile
machines can send or
receive words, pictures,
charts and graphics over
the telephone in just
twe minutes.

Zilog MCZ-1/70 microcomputers
can support five terminals,

giving multiple users

access to the same information
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WE'RE MAKING IT
EASIER FORYOU TO
DO BUSINESS.

We are Exxon Information Systems companies. Vydec, Qwip,
Qyx, and Zilos.

Into our products go the most advanced technologies
in information processing, communications and storage. Out
of them come easier, faster more efficient ways for you to do
business.

Wdec® for example. Wdec, Inc. just introduced the
Wdec 4000 series...the first 19-inch two-full-page display
word processor. The 4000 lets you work with up to 6,000
characters on the screen at one time.

Qwip® facsimile machines speed paperwork across
town or cross-country in just two minutes. Because Qwip is
used with your telephone, sending copies from “here” to
“there” is as simple as dialing your destination.

Qyx? The Intelligent Typewriter,” has electronic modules
that let you add memory, display or communications. So Qyx
gets smarter without getting bigger.

Zilog, Inc. makes highly flexible microcomputer systems
that can use five high-level languages. So Zilog® microcom-
puters have the versatility for a broad range of business and
industrial applications at a very low cost.

To learn more about our products and how they can
make it easier for you to do business, just call 800-631-8181
toll free. In New Jersey, call 800-452-9300.

EX(ON Information Systems

Qwip and Qyx are divisions o f Exxon Enterprises Inc
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Primeval Galaxies

The first galaxies to form after the “big bang’’ have not been seen,

but there is good reason to believe they could be. The characteristics

of older galaxies suggest what those of younger ones would be like

by David L. Meier and Rashid A. Sunyaev

ince the speed of light is finite, the
S astronomer can in principle look
back in time almost to the creation
of the universe by observing objects so
distant that their light has taken nearly
16.5 billion years, the current best esti-
mate for the age of the universe, toreach
the solar system. In particular there is
the intriguing prospect that at those
great distances one could observe galax-
ies in the process of formation. Since it is
believed most galaxies formed the same
way, the investigation of such primeval
galaxies should help to explain how our
own galaxy came into being 13 billion
years ago. The search for primeval gal-
axies has not yet been successful, partly
because they would be difficult to distin-
guish from other faint objects such as
quasars. Moreover, they should be so
far away that many may be too faint to
be detected with current telescopes.

The situation should improve in 1985,
when the superpowerful space telescope
is scheduled to be launched by the Space
Shuttle. With 10 times the resolution of
the best optical instrument now avail-
able, the space telescope should be able
to detect stellar objects 100 times fainter
than any that have been detected so far.
Even diffuse objects such as distant gal-
axies should be visible at much greater
distances than they are at present. Our
own work has centered on determining
the properties of a primeval galaxy, for
example its spectrum and the nature of
its photographic image, so that astrono-
mers will be able to identify one when
they see it.

According to prevailing cosmological
theory the universe began with an explo-
sion from a superdense state in which
the rate of expansion increases with the
distance from the observer. The wave-
length at which electromagnetic radia-
tion from a distant object reaches the
earth is increased by the velocity of
recession of the object with respect to
the observer. This is the well-known red
shift, so named because if the radiation
is in the visible region of the spectrum, it
is made redder. The amount of the red
shift is a measure not only of the re-
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moteness of the object but also, since
one is looking backward in time, of its
age since the “big bang.”

The greater the red shift, the younger
the galaxy. The nearest galaxies, compa-
rable in age to our own, are about 20
million light-years away and are reced-
ing with a red shift of .001, or .1 percent.
Above ared shift of .1 quasars enter the
picture. These ancient starlike objects
are quite common at red shifts near 2.5.
It is generally believed quasars exist at
the center of otherwise normal galaxies.
This suggests that the galaxies formed
before the quasars, and so primeval gal-
axies must have a red shift of more than
2.5. An upper limit on the red shift of a
galaxy in the process of formation can
be determined by extrapolating back-
ward from the present-day universe to
the time when the galaxies were touch-
ing one another. That happens at a red
shift of roughly 100, which represents
the earliest possible time when galaxies
could have been separate entities.

he search for primeval galaxies be-

tween red shifts of 2.5 and 100 is an
extremely difficult undertaking. Indeed,
no one has yet proposed a single con-
vincing candidate for a primeval galaxy.
The reason is that primeval galaxies
should be quite faint at such great dis-
tances. The most distant galaxy detected
so far lies at a red shift of only .75. It is
even possible that the space telescope
will not be able to detect normal galax-
ies at the high red shifts characteristic of
primeval ones. There is much evidence,
however, that galaxies in the process of
formation have many more bright stars
than they do at any other stage in their

life cycle. This means that they should
be much brighter than normal galaxies
at the same red shift. The implication is
remarkable: some primeval galaxies and
perhaps all of them could be within the
reach of current instruments.

The faintness of primeval galaxies
nonetheless makes them difficult to dis-
tinguish from other faint objects such as
quasars. Many astronomical phenome-
na, whatever their nature and their dis-
tance, look alike on photographic plates.
Photographs that record faint objects
pick up distant stars in our galaxy, dis-
tant quasars and distant normal galax-
ies. On sensitive photographic plates
galaxies can often be distinguished from
stars and quasars only by their larger
and somewhat more diffuse images, and
the fainter the object, the less obvious
the distinction. Usually objects can be
best identified by general features in
their spectra: quasars have emission
lines but normal galaxies do not, and
galaxies have red shifts but stars do not.

None of these distinctions, however,
may serve to identify a galaxy in the
process of formation. The bright, hot,
massive stars that are expected to exist
in primeval galaxies would ionize the
gas in the medium between the stars,
so that the spectrum of such a galaxy
would include emission lines. It is con-
ceivable, then, that primeval galaxies
might be mistaken for quasars because
of their strong emission lines and large
red shifts. More information is needed
on the expected spectrum of a primeval
galaxy and how it differs from that of a
quasar.

To determine the expected spectrum
we have relied on theoretical models

HISTORY OF THE UNIVERSE, presented here on a logarithmic scale, can be viewed through
telescopes because of the finite speed of light. In principle the astronomer can look back in time
almost to the creation of the universe by observing objects so distant that their light has taken
16.5 billion years, or the age of the universe, to reach our galaxy. The remoteness of an object
is measured by its red shift: the speed of recession of the object divided by the speed of light.
Here the velocity of recession is expressed as a fraction of the speed of light. To the left of the
central panel are listed those astronomical objects that predominate at various red shifts. To
the right of the panel, to illustrate the “look back” effect, are listed some events in the history
of the earth and its biological evolution that occurred at the corresponding look-back time.
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of the formation of galaxies. Because
many factors in such models are un-
known the models are only a crude de-
scription of the real thing. Nevertheless,
they provide the only information on
which astronomers can depend until the
happy day when a primeval galaxy is
definitively identified. Such models are
based on results from many different
areas of astrophysics and cosmology.
They incorporate the physical processes
known to govern a galaxy: the macro-
scopic ones of stellar and gas dynamics
that determine the galaxy’s overall size
and shape and the microscopic ones of
stellar formation, evolution and death
that determine the properties of the
galaxy’s constituent stars. Apart from
the observational resemblance between
primeval galaxies and quasars the two
kinds of object may be related in a deep-
er sense. Quasars are physically distinct
from galaxies, but as we have men-
tioned they seem to exist in galaxies and
they were more abundant in the infant
universe. As a result they are probably
connected in some way with the forma-
tion of galaxies.

The most widely accepted theory of
galaxy formation is the theory of grav-
itational instability, which maintains
that galaxies condensed out of the hot
cosmological fluid that expanded from
the big bang. If a region of the early
universe happened to have a density
higher than that of the surrounding re-
gions, it would be gravitationally at-
tracted more to itself than to the ambi-
ent material. If such a region, character-
ized as a perturbation, was free of gas
or radiation pressure, it would contract
under its own gravity and hence would
increase in density. This contraction
process would create “droplets” out of
a universe that previously was quite ho-
mogeneous.

The scale of the perturbations proba-
bly ranged from the mass of a globular
star cluster (106 times the mass of the
sun) to the mass of a large aggregate of
galaxies (1015 solar masses). The pertur-
bations that are the size of galaxies (1011
solar masses) are called protogalaxies.
Initially each protogalaxy would ex-
pand with the rest of the universe, but it
would do so at a slightly lower rate. Af-

ter a few hundred million years it would
stop expanding even though the uni-
verse continued to expand. At that point
the protogalaxy would in effect be de-
tached from the universe free to col-
lapse on itself and form a galaxy.

What do we mean when we say a
galaxy has formed? For a proto-
galaxy to become a galaxy two things
must happen. First, a population of stars
must form from the protogalactic gas.
Second, the gas and stars must come to-
gether to form the well-ordered struc-
ture of a galaxy. The second process
is fairly well understood. With a high-
speed computer it is straightforward to
follow the collapse of a model proto-
galaxy by solving the equations of mo-
tion for stars and gas under the influence
of their mutual gravity. Not much is
known, however, about how the stars
actually formed out of the gas in the
course of its collapse. What little is
known comes from observations of our
galaxy and nearby galaxies. Such ob-
servations suggest possible events that
could trigger star formation and also the

FAINTNESS OF PRIMEVAL GALAXIES makes them difficult
to distinguish from other faint objects such as quasars. The negative
print at the top left, made with the 48-inch Schmidt telescope on Pal-
omar Mountain, is of a fairly large (1.5 by two degrees) region of the
sky at the outer edge of the Virgo cluster of galaxies 45 million light-
years from our galaxy. The positions of a few nearby galaxies (NG)
and of some fairly bright stars (S) in our galaxy are marked on the
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duplicate of the print at the top right. The print also records a multi-
tude of extremely faint objects. Some of them are possibly primeval
galaxies. Most of the primeval galaxies, however, are probably too
faint to be seen. The print at the bottom left is of the boxed region
(eight by 11 minutes of arc) of the top photograph. The positions of
several faint stars (S), a quasar (Q) and candidates for distant galaxies
(DG?) in this region are marked on the duplicate at the bottom right.
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proportions of stars of different masses
that are created in a burst of star forma-
tion. With this information it is possible
to develop a computer-generated semi-
quantitative description of galaxy for-
mation.

Eke galaxies, stars probably form
from the interstellar gas because of
gravitational instabilities. Unlike galaxy
formation, however, star formation is
generally not a spontaneous process be-
cause the pressure of the interstellar gas
is usually sufficient to prevent perturba-
tions as small as stars from collapsing. If
the gas is compressed by some violent
phenomenon, the density can increase to
the point where gravity overcomes the
gas pressure and the perturbations con-
tract into stars. In our galaxy the vio-
lent phenomena include a spiral density
wave of the kind that is responsible for
the pinwheel structure of disk galaxies
and also shock waves from supernova
explosions and from the expanding re-
gions of ionized gas that surround hot
massive stars. In other galaxies star for-
mation may also have been triggered by
collisions or near collisions with neigh-
boring galaxies. In a protogalaxy the vi-
olent collapsing motion itself is proba-
bly the chief process that causes stars to
form. A protogalaxy can be regarded as
a system of gas clouds racing in orbit
and giving birth to stars when the clouds
collide.

Observations of the stars in the vicini-
ty of the sun have made it possible to
estimate the distribution of stars of dif-
ferent masses that will be created in any
burst of star formation. Such a distri-
bution is termed the initial mass func-
tion. The present-day local mass func-
tion—the mass distribution of stars in
the neighborhood of the sun—includes
many stars weighing less than .8 solar
mass but only a few weighing more than
that. More massive stars are scarce be-
cause such stars burn faster and hence
do not live as long. The sun will live for
10 billion years, but a star with only 10
times the sun’s mass would shine with
20,000 times the luminosity and would
live for only 10 million years, or a thou-
sandth as long. Stars weighing more
than .8 solar mass have lifetimes that are
shorter than the age of the galaxy, and
so such stars that formed when the gal-
axy was created 13 billion years ago
have died out.

tars weighing less than .8 solar mass
have lifetimes that are longer than
the age of the galaxy. The stars in this
lower mass range have been increasing
in number in the course of many bursts
of star formation, and so the relative
mass distribution of the stars must be
identical with that of the stars created in
any one burst, assuming of course that
stars have always formed the same way.
In other words, below .8 solar mass
the present-day local mass function is

103 T [
()]
T 102
w
>
[
X
o
o 10
¢]
o
2
(8]
=}
= 1
Z
[2)
o«
<
'_.
o 410
w
o]
o
w
4]
% 10-2
P4
10-
105 T
".
|
104 |- E T h
|
|
o S | b
A | ﬁ
2 | | :
5 0 e — " — 8
> : I g
- AGE OF GALAXY | =
S (13 BILLION YEARS)
2 L L )
o 10— | o 3
9 .
=1 I 3
= 2
g |
= 11— | 1" 8
B ! :
3 [ | 3
2 .
é 10" = I ) | %
o | \ 2
= w
. | %
. | v
10-2 T i ]
. |
|
|
10731 — i 1
/ 8 SOLAR |
- | MASS | 103
10-2 10~ 1 10 1o

STELLAR MASS (SOLAR MASSES)

INITIAL MASS FUNCTION, the distribution of stars of different masses that will be created
in a burst of star formation in a galaxy, is shown in the top diagram. The black curve represents
the current mass distribution of stars in the neighborhood of the sun. Stars with a mass of .8
times the mass of the sun have lifetimes that are longer than the age of the galaxy, and so the
mass distribution of these stars is the same as it was initially. The more massive the star is, how-
ever, the faster it burns (bottom black curve). Stars with a mass of more than .8 solar mass have
lifetimes that are shorter than the age of the galaxy, and so the stars that formed 13 billion years
ago when the galaxy was created have died out. At masses above .8 solar mass the initial mass
function (top colored curve) can be determined by extrapolating backward in time, replacing
the dead stars with live ones. Although the number of stars decreases with increasing mass, the
decrease is not sufficient to overcome the increase in stellar luminosity with mass (bottom col-
ored curve). This means that the luminosity of a newly formed cluster of stars is quite high
and is accounted for chiefly by the bright and short-lived massive stars belonging to the cluster.
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LUMINOSITY OF A STAR CLUSTER is highest when it forms because of the multitude of
bright massive stars. As these short-lived stars burn out, the luminosity of the cluster decreases
rapidly. “Relative brightness” is determined by dividing the luminosity of a population of stars
by the luminosity at the age of 13 billion years, the age of our galaxy. That is, the relative bright-
ness of a stellar population is a measure of how many times brighter it once was than it is now.

GALAXY FORMATION according to some computer models begins with a cluster of small
massive clouds of gas about 200,000 light-years in extent (top leff) that collide, collapse and
form a population of bright stars (colored dots). As the clouds fall inward into a smaller volume
because of their mutual gravitational attraction the rate of star formation increases. After
about 200 million years the protogalaxy is roughly 100,000 light-years across (fop right) and
the first population of stars (black dots) has died out. The clouds of gas continue to contract at
an increasing rate. After about 300 million years the gas is packed into the center of the galaxy,
bringing star formation to a peak rate (bottom left). The dense nucleus of stars in the galaxy is
perhaps only 10,000 light-years in extent. At this stage the galaxy is one of the brightest objects
in the universe. From a great distance, however, even such a luminous galaxy would resemble a
faint star. After this stage star formation ceases because the gas in the galaxy has been exhaust-
ed. As brighter stars die out, leaving behind the older and fainter ones, the galaxy shines less
brightly but more steadily as a giant spherical structure, such as the galaxy M87 (bottom right).
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the initial mass function. Above .8 so-
lar mass the initial mass function can
be determined by extrapolating back-
ward in time by replacing the dead stars
with living ones. The resulting relation,
which was derived by Edwin E. Salpe-
ter of Cornell University, indicates that
whenever a group of stars is created, for
each increase by a factor of 10 in the
mass there is a decrease in the number of
stars by a factor of 22.

If the Salpeter relation holds for all
episodes of star formation, it has star-
tling implications for galaxy formation
and for the search for primeval galaxies.
Although the number of stars decreases
with increasing mass, the decrease is not
sufficient to overcome the increase in
stellar luminosity with mass (a factor of
about 10,000 for each increase by a fac-
tor of 10 in mass). This means that the
luminosity of a newly formed cluster of
stars is quite high and is due chiefly to
the bright and short-lived massive stars.
After a short time, however, the bright
stars die out and the luminosity of the
cluster rapidly decreases. As a result a
primeval galaxy, in which stars would
be expected to form at a much higher
rate than they are forming in present-
day galaxies, should be quite bright.

Richard B. Larson of Yale University
has developed complex computer mod-
els of three types of galaxy—spheri-
cal, elliptical and disk—in the process of
collapsing. The spherical galaxy is the
brightest, and so it is the best candidate
for a detectable primeval galaxy. Af-
ter the protospherical galaxy reaches its
maximum expansion its gas begins to
contract and its small internal clouds ac-
celerate, collide and form stars. Most
of these stars will continue to burn for
billions of years and their orbits will
be responsible for the overall shape of
the galaxy. The massive stars, however,
soon explode violently, hurling into the
interstellar gas the nuclei of the heavy
elements synthesized by nuclear reac-
tions in their interior.

Once the stars have formed, their dy-
namical behavior is different from that
of the gas. The orbits of the stars simply
conform to the shrinking shape of the
galaxy. The gas clouds, however, tend to
collide with other gas clouds, so that
their orbits decay and the clouds plunge
toward the center of the galaxy. This
causes the entire cycle of cloud colli-
sion, star formation, stellar explosion
and heavy-element enrichment to pro-
ceed even faster. Eventually the gas is
packed into the center of the galaxy,
bringing star formation to a peak rate.
Within a few thousand light-years of the
center hosts of stars are shining brightly
and exploding, gas is glowing and the
dust of heavy elements is radiating copi-
ously in the infrared. At this stage the
galaxy is one of the brightest objects in
the universe, hundreds of timesmore lu-
minous than the galaxies of today.

Then the activity of the galaxy abrupt-
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ly stops. The gas has been exhausted;
there is no more left to collapse into
stars. The remaining bright stars burn
out quickly. As the stars with average
lifetimes begin to die, leaving the old-
er and fainter ones behind, the galaxy
shines less brightly but more steadily as
a giant spherical structure.

Such models of galaxy formation sug-

gest that most primeval galaxies were
born between 100 million and a few bil-
lion years after the big bang. That puts
them at red shifts of between about 3
and 30, which is in accord with the ear-
lier estimate we made on the basis of
quasar red shifts. Through current tel-
escopes most primeval galaxies with
lower red shifts would be barely visible
and those with higher red shifts would
be completely invisible. Exceptional-
ly bright primeval galaxies, however,
should be quite apparent. The space
telescope may be able to detect all pri-
meval galaxies except those with the
highest red shift.

The model also suggests that the ratio
of the brightness of a galaxy’s nucleus to
the brightness of its outer regions is
greater for a primeval galaxy than it is
for a normal one. This means that the
images of primeval galaxies resemble
the images of quasars and stars, and so it
is understandable that they have been
difficult to distinguish. At a distance of
16 billion light-years the bright nucleus,
although it would be thousands of light-
years in diameter, would be only a sec-
ond of arc in apparent diameter. The
space telescope will be able to clearly
resolve the structure of such an object.
Indeed, thousands of primeval galaxies
should eventually be detectable in a
square degree of sky.

Working with Beatrice M. Tinsley of
Yale University, we undertook to calcu-
late the expected spectrum of a primeval
galaxy. We were able to secure much
information from our own galaxy, as
had been the case with the determina-
tion of the initial mass function of the
stars in the universe. In a primeval gal-
axy the infant stars and the objects asso-
ciated with them should contribute to
the spectrum of the galaxy. Although

SPECTRA OF MASSIVE STARS at various
stages in their life cycle will contribute to the
spectrum of a primeval galaxy. Massive stars
shrouded by clouds of dust emit radio waves
that penetrate the dust (a). The dust absorbs
radiation of longer wavelengths but reradiates
the energy of the radiation in the form of ther-
mal emission in the infrared. Carbon monox-
ide in clouds of molecules contributes a sharp
emission line at 115 gigahertz (billion cycles
per second). The intensity of visible and ultra-
violet radiation is much greater for stars in
which the shrouding dust has been dispersed
or destroyed (b). An exploding massive star
leaves a remnant that emits radio waves and
X rays (c). Pulsars also emit radio waves (d).



Helpfulness.
Part of JALs Executive Service.

At Japan Air Lines we recognize
the special needs of the business
traveler. To help the executive
planning to do business in the Orient,
JAL initiated the Executive Service
Program. It starts working for you
the moment you book.

Even before the flight begins, JAL
offers informative handbooks on
doing business in the Orient. We also

offer those all-important bilingual
business cards, Japanese or Chinese
on one side, English on the other.
You'll find both these offerings
worth the nominal extra charge
you pay for them.

On board, helpful hospitality. An
Executive Service Section just for full-
fare passengers. And to cheer the way,

free earphones and free drinks. (As
you might expect, not applicable to
passengers traveling on economy
class promotional fares.)

At the end of the flight, you'll find
JAL's Executive Hotel Service offers
rooms at special rates and a 6 p.m.
checkout at major hotels throughout
the Orient. Our Hospitality Desks are
everything the name implies. And
JAL's Executive Service Lounge in
Tokyo's Imperial Hotel serves as your
elegant office away from the office.
Otetsudai. Helpfulness. Because we

never forget how important you are.

The way we are is
the way we fly.

JAPAN AIR LINES

137
© 1979 SCIENTIFIC AMERICAN, INC



INTENSITY

these stars and objects are distant and
ancient, they are expected to be almost
identical with the stars and objects in
our galaxy. This close similarity is quite
likely because the model suggests that
heavy elements are created and distrib-
uted early in the collapse of a proto-
galaxy, giving an infant star the same
chemical composition, and hence the
same spectrum, as an infant star in our
galaxy. As aresult all the ingredients for
determining the properties of remote
and ancient primeval galaxies are pres-
ent in our galaxy. To calculate the spec-
trum of a primeval galaxy we simply
estimated the prevalence of various ob-
jects in such a galaxy, took their spectra
from how they appear in our galaxy and
summed the spectra according to the
prevalence of the objects.

The task of determining the preva-
lence of objects in a primeval galaxy

is simplified by the fact that most of
the objects are the offspring of the mas-
sive stars that continually form and die.
(The low-mass stars contribute only vis-
ible light and live too long to create
any interesting objects.) Moreover, the
offspring objects are as short-lived
(compared with the collapse time of the
protogalaxy) as the massive stars them-
selves, and so the number of these ob-
jects that contribute to the spectrum of
the primeval galaxy is proportional to
the rate of star formation. The rate of
star formation in a bright primeval gal-
axy may be 3,000 times greater than the
present rate in our own galaxy, so that
we expect 3,000 times the number of
massive stars and their short-lived off-
spring in a primeval galaxy.

The kinds of such offspring can be de-
termined by following the evolution of
a massive star from birth to death. The
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NEUTRON STARS AND BLACK HOLES that are the compactremains of supernova explo-
sions could contribute to the spectrum of a primeval galaxy in an unusual way. If the exploded
star was originally a member of a binary system in which the other star had a longer lifetime,
the neutron star or black hole could be left orbiting the longer-lived star (fop). Matter could
then be transferred to this compact object by means of a stellar “wind” or gravity, the object
pulling material off the star. This process would give rise to strong X-ray emissions (bottom).
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star is believed to form inside a cold (10
degrees Kelvin) cloud consisting chief-
ly of molecular hydrogen (H3), carbon
monoxide (CO) and dust grains of sili-
cate and carbon. Molecular hydrogen
does not emit much radiation, so that
the only important waves emanating
from the cloud are associated with the
microwave-radio spectral line of carbon
monoxide (at a frequency of 115 giga-
hertz). The star shines brightly in the
visible and ultraviolet regions of the
spectrum, although such radiation is ab-
sorbed by the cloud and hence cannot be
seen outside it. The radiation heats the
dust grains shrouding the cloud to about
30 degrees K., at which temperature the
grains reradiate the energy of the star in
the form of thermal emission in the in-
frared. A thick shell of ionized gas also
forms around the shrouded star. Al-
though the visible and ultraviolet radi-
ation emitted by the star and gas can-
not penetrate the dust grains, the radio
waves can.

oon the shell of ionized gas expands,
unveiling the star by dispersing or
destroying most of the dust grains. As
aresult the intensity of the infrared radi-
ation decreases sharply and the intensi-
ty of the visible radiation increases. (The
Orion nebula in our galaxy is an exam-
ple of a region of visible hot stars and
ionized gas.) When the massive star
reaches the end of its life cycle, it ex-
plodes violently as a supernova. A su-
pernova explosion would be a spectacu-
lar event in a normal galaxy because of
the comparative faintness of the other
stars. In a primeval galaxy, however, a
supernova would go unnoticed at visible
wavelengths because of the abundance
of other bright, massive stars.

The situation is different at other
wavelengths. The compact remnant of
the supernova, which could be a pulsar
or a black hole, and the expanding shell
of gas surrounding the remnant would
appreciably increase the radio and X-
ray emissions of the galaxy. If the com-
pact remnant is a pulsating neutron star,
it would strongly emit radio waves and
X rays. It could also contribute X rays in
another unusual way. If, as is often the
case, the original star was part of a bina-
ry system with a star whose lifetime is
longer, the neutron star could be left
orbiting the longer-lived star. Matter
could then be transferred to the neu-
tron star by means of a stellar “wind” or
gravity, the neutron star pulling materi-
al off the other star. The result would be
an X-ray-emitting binary system like
those that have been found in our gal-
axy. A similar picture would apply if
instead of a neutron star the binary rem-
nant was a black hole.

Pulsars and supernova remnants
probably also contribute to the spec-
trum by giving rise to cosmic rays. The
rapidly rotating magnetic field of the
pulsar and the strong shock wave of the
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EXPECTED SPECTRUM OF A PRIMEVAL GALAXY (top) is obtained by adding the spec-
tra of the contributing phenomena, such as the ones in the illustrations on pages 136 and 138.
This spectrum is the intrinsic one; the measured spectrum would be shifted in frequency to
the left according to the precise red shift. The greatest uncertainty in determining the spec-
trum comes in estimating the ratio of the number of massive stars that are shrouded by dust to
the number that are not shrouded. Here the ratio is assumed to be 1:1. The visible and ultra-
violet regions (color), which are shown in an expanded view at the bottom, include emission
lines of hydrogen (the Balmer lines Ha and HS and the Lyman line La), carbon (C+ and C++),
oxygen (O+ and O+ +) and magnesium (Mg *) and absorption lines of carbon (C +3), silicon (Si *3),
oxygen (O and O+5), nitrogen (V+4) and hydrogen (the Lyman line LB). Lines have been broad-
ened by Doppler shifts of gas moving at velocities of a few hundred kilometers per second.
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supernova remnant are able to acceler-
ate electrons, protons and other sub-
atomic particles to velocities close to
the velocity of light. As these particles
break away from the pulsar or the su-
pernova remnant and interact with mag-
netic fields in the galaxy, they emit light
and other forms of electromagnetic ra-
diation. When they encounter atoms of
the interstellar medium, they can gener-
ate gamma rays.

The spectrum of a primeval galaxy
can now be obtained by adding to-
gether the spectra of the contributing
phenomena. The greatest uncertainty in
determining the spectrum comes in esti-
mating the ratio of the number of mas-
sive stars that are shrouded by dust
to the number that are not shrouded.
We have assumed that the ratiois 1:1,
which should suffice unless one situation
strongly predominates. At red shifts of
between 3 and 30 the calculated spec-
trum could be distinguished most easily
by optical or near-infrared telescopes
such as the space telescope. Other in-
struments that are still in the planning
stage, such as orbiting far-infrared and
X-ray observatories, should be able to
detect distant primeval galaxies at other
wavelengths.

Are there any details in these spectra
that would distinguish a primeval gal-
axy from other objects? In the visible
and ultraviolet spectrum of a primeval
galaxy one expects a continuous emis-
sion spectrum from stars, a line absorp-
tion spectrum from the atmosphere of
stars and a line emission spectrum from
the ionized gas that surrounds hot stars.
The gas and stars in a primeval galaxy
are moving rapidly and randomly, so
that the lines will be much broader than
those of slower-moving gas and stars
that are not shifted from their normal
position as much by the Doppler effect.
The velocities associated with the line
widths should never exceed the escape
velocity of a primeval galaxy: a few
hundred kilometers per second. An ob-
ject with such features would be a strong
candidate for being a primeval galaxy.

When the quasars were first discov-
ered, it was thought they might be pri-
meval galaxies chiefly because of their
large red shifts. The spectrum of a qua-
sar, however, is quite different from the
calculated spectrum of a primeval gal-
axy. The continuous spectrum of 3C
273, one of the first identified quasars,
slopes smoothly downward from the in-
frared to the ultraviolet, whereas a pri-
meval galaxy should have one peak in
the infrared region and one in the visible
and ultraviolet region. Moreover, the
continuous spectrum of a quasar is often
partially polarized: the light waves oscil-
late in a preferred direction. Radiation
from a primeval galaxy, on the other
hand, is expected to exhibit little or no
polarization. The spectrum of a quasar
also has much greater line widths, which
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SPECTRUM OF A QUASAR (top) is very different from the expected spectrum of a prime-
val galaxy, so that the two objects could be distinguished even though they might look the same
through a tel pe. The q spectrum has neither the continuous emissions nor the line
emissions that would be expected from the hot stars and gas in a primeval galaxy. The spec-
trum of a primeval galaxy peaks once in the infrared region and once in the ultraviolet region,
whereas the spectrum of a quasar slopes smoothly downward. The lines in the visible and ultra-
violet regions (color), which are shown in the expanded view at the bottom, are broader by a
factor of about 100. This intrinsic spectrum is that of the quasar 3C 273, one of the first quasars
to be discovered. Measured spectrum is shifted to the left by a factor of 1 plus the red shift .158.
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suggests that such an object is a more
energetic phenomenon than a primeval
galaxy. The gas in quasars seems to be
moving at speeds on the order of 10,000
kilometers per second. If clouds in a pri-
meval galaxy traveled at such speeds,
they would have escaped from the grav-
itational field of the galaxy long ago un-
less they were involved in a recent vio-
lent explosion or were bound to a large
compact mass, such as a supermassive
star or a black hole.

Quasars can also be distinguished
from galaxies because their light can
vary in brightness in the course of only a
few months or years. Light from BL La-
certae objects, quasarlike entities with
spectral peculiarities of their own, vary
in intensity in only a few hours. Such
variations are impossible for a collec-
tion of 100 billion stars, which cannot
vary in unison. Even exploding superno-
vas, as we indicated above, can scarcely
alter the brightness of a primeval gal-
axy, and they certainly cannot cause any
variation in a matter of hours. Varia-
ble quasars must be extremely compact.
They are probably smaller than the dis-
tance light can travel in the time it takes
for the intensity of their light to change.

If quasars are not primeval galaxies,
what are they? To answer this ques-
tion astronomers have developed mod-
els of the region that is thought to emit
the lines in the quasar spectrum. In a
typical model the quasar is enveloped in
a low-density gas that extends a few
hundred light-years and has spectral
lines with a width corresponding to a
velocity of 1,000 kilometers per second.
Within this region is a compact nest
of dense, rapidly moving clouds of gas
about a light-year in extent. The nest of
clouds is the source of the broader lines
in the spectrum of the quasar. At the
center of the quasar is the “engine,” at
most a light-day in size, that emits the
continuous spectrum and ionizes the
denser clouds.

The exact nature of the quasar engine
is the subject of current work. Three
proposed models have been offered so
far. In the first model the engine is a
compact cluster of stars, the energy
coming from a multitude of stellar colli-
sions, supernova explosions and pulsars
that are squeezed into a region with a
radius perhaps only 10 times larger than
the radius of the solar system. In the
second model the engine is a supermas-
sive star or pulsar, the energy coming
from the gravitational contraction or
rotation of a single magnetic star with
a mass as great as a billion solar mas-
ses. In the third model, which is similar
to the current model of binary X-ray
sources such as Cygnus X-1, the engine
is a supermassive black hole of a bil-
lion solar masses. The energy comes not
from the black hole itself but from gas
and decomposed stars that collide as
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they fall into it. In the collisions the gas
and stars release about a tenth of their
rest-mass energy (their mass at rest mul-
tiplied by the square of the speed of
light). A loss of only 10 solar masses per
year to the black hole would provide
enough energy to power the brightest
quasar and to strongly outshine a galaxy
of a trillion stars.

What is the origin of the quasars? The
models of the quasar engine suggest that
they exist at the nuclei of otherwise nor-
mal galaxies, where compact star clus-
ters, supermassive stars and large black
holes are most likely to form. The BL
Lacertae objects, the extended radio
sources that resemble extended radio
quasars and the Seyfert nuclei, all of
which are less luminous than quasars
but have virtually the same spectrum,
have been found in galaxies. It isreason-
able to assume that quasars are simply
scale-up versions of these phenomena,
so bright and distant that the surround-
ing galaxy cannot be seen.

How do quasars form? This question
remains largely unanswered. The
abundance of quasars at red shifts just
below the ones we expect primeval gal-
axies to have suggests that a quasar
forms in a galactic nucleus soon after

the galaxy forms. In fact, quasar forma-
tion may be a phase through which most
galaxies pass when they are born. In the
model of a collapsing galaxy outlined
above activity need not stop when star
formation stops. There may be events
that cause the young galaxy to develop
at its center the kind of supermassive
object called for by the models of the
quasar engine. (Processes that have been
suggested are the collision and coales-
cence of stars packed into the galactic
nucleus or the merging and collapse of
gas clouds left over from star forma-
tion. Another possibility is that a large
black hole is built up slowly from a
small one that swallows up neighbor-
ing stars.) Then, by some poorly under-
stood mechanism, the supermassive ob-
ject briefly shines much brighter than
the galaxy ever did. Finally the quasar
dies, revealing the surrounding galaxy.
At present this model is little more than
speculation. Over the next few years as-
tronomers hope to be able to uncover
more evidence about how quasar for-
mation and galaxy formation are linked.

All the evidence suggests that quasars
are not primeval galaxies. Nevertheless,
some primeval galaxies may have been
mistaken for quasars. Before combing
the skies for new primeval-galaxy candi-
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dates it will first be necessary to examine
the lists of quasars already catalogued
for those that have emission lines with
widths corresponding to velocities of
only a few hundred kilometers per sec-
ond. Such an examination could be a
herculean project, because hundreds of
quasars have been catalogued. More-
over, the spectra of many of these qua-
sars have not been recorded in suffi-
cient detail. The examination would be
manageable, however, if the quasars
with the highest red shifts were studied
first. The next step will be to obtain
new candidates with the objective-prism
technique. This technique records rough
spectra of many objects in the sky at the
same time, allowing estimates of the red
shift, line widths and other characteris-
tics to be made quickly. It is already
useful in finding quasars. An objective
prism employed with the space tele-
scope will perhaps be the best bet for
detecting a primeval galaxy. Through
the telescope very compact objects will
remain points, whereas primeval galax-
ies should show some detail. That may
eliminate the need to make detailed
spectra to distinguish between primeval
galaxies and quasars.

he discovery of a primeval galaxy

would constitute a major triumph
for modern astronomy. Current theories
of cosmology, galaxy formation and
stellar evolution would have new evi-
dence that argued strongly in their fa-
vor. In a field as complex as astronomy,
however, theoretical predictions are not
always accurate; it is quite possible that
unforeseeable phenomena could com-
plicate the search for primeval galax-
ies. For example, it could turn out that
not all galaxies formed in a violent col-
lapse of an expanse of gas and dust
with a mass of about 1011 solar masses.
Perhaps some galaxies formed from
the merging of much smaller star clus-
ters that were themselves created from
the numerous low-mass perturbations
(ranging from 106 to 101! solar masses)
existing in the early universe. A prime-
val galaxy formed by merging would
presumably be fainter than one formed
by the collapsing process we have out-
lined, since the formation of stars would
be slower.

The search could be complicated fur-
ther if dust was so abundant in young
galaxies that it shrouded most of the
massive stars. At worst the entire galaxy
could be hidden from view. It will be
several years before instruments are in-
troduced in space that could even detect
the infrared radiation emitted by such
dust, and it will be many years before
the red shift of a dust-covered galaxy
can be measured reliably. Most astrono-
mers nonetheless believe primeval gal-
axies will someday be found. It will then
be possible to study the formation of
galaxies directly.
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The Ecology of the African

Dung Beetle

Scarab beetles play a key ecological role in removing the dung

left by herds of mammals. Success in the vigorous competition

among such beetles depends in part on their body temperature

by Bernd Heinrich and George A. Bartholomew

t might cross the mind of anyone who
I contemplates the great herds of ani-
mals in the grasslands and savannas
of East Africa that the animals produce
large quantities of dung. Yet one does
not see much dung on the ground. What
happens to it? Most of it is rapidly re-
moved and buried by legions of scarab
beetles, for which it is a vital resource.
The beetles do a good deal more than
clean up material that would otherwise
accumulate on the ground, choking out
plants and so probably limiting the pop-
ulations of animals the land could sup-
port; their activity also fertilizes and
aerates the soil, retards the spread of
parasites and disease organisms and re-
duces the number of bothersome flies
that breed in dung. The story of the bee-
tles is illustrative of the intricate rela-
tions in an ecosystem. It also reveals
some remarkable physiological and be-
havioral adaptations of the beetles.
The dung beetles, of which Africa
alone has more than 2,000 species, have
evolved into many sizes and shapes. The
largest weigh more than 20 grams and
are seven or eight times larger than the
smallest birds, bats and shrews. The
smallest are hardly a thousandth as
large, weighing only a few milligrams.
In appropriate circumstances the beetles
are so abundant that dung, even though
the supply is constantly being replen-
ished, is a scarce resource. Indeed, its
availability can limit the beetles in both
reproduction and growth. In tropical
Africa many species compete strongly
for dung, and a remarkable variety of
patterns of utilization have evolved.
We went to study scarab beetles in
Tsavo National Park in Kenya, which
has the largest elephant population in
the world. A group of four or five ele-
phants can process a metric ton of food
per day, much of which is returned to
the ground as dung. In the rainy season
at Tsavo Park the removal of elephant
dung by beetles is amazingly rapid. Dur-
ing the day relatively few beetles are at-
tracted to fresh elephant dung, but af-
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ter sundown the flying beetles arrive in
great humming clouds. Small samples
of elephant dung that we collected dur-
ing the day and put out as bait at night
attracted swarms of beetles. More than
3,800 of them came to a half-liter sam-
ple left exposed for only 15 minutes.
Only a few beetles appeared during the
early part of the period, but then the
rush was on.

Another sample of about 30 liters of
elephant dung brought an awe-inspir-
ing onslaught. Clouds of small beetles
swept in, landed on the dung and imme-
diately tunneled into it. Within half an
hour the pile of dung was transformed
into a spreading, heaving mat consisting
of a fluidized layer of beetles and moist
dung covered by a thin sheet of fibrous
material: the coarse, undigested remains
of plants. The beetles transformed the
firm, malodorous, football-size boluses
of dung into a spreading mat two or
three centimeters thick and as much as
two meters in diameter.

t does not take an observer long to see
that competition for elephant dung

within and among the many species at-
tracted to it is intense. What are the con-
sequences? How have dung beetles ac-
commodated to it? We shall deal with
these questions by describing some of
the patterns exhibited by scarab beetles
in harvesting and utilizing dung and
then by examining some of the behav-
ioral and physiological responses that
operate within these patterns.

A few species of scarabs specialize in
the dung of particular kinds of mam-
mals, but many species will accept any
dung they find. Three major patterns of
dung utilization can be discerned. Some
beetles, which are termed endocoprids,
burrow into dung and remain there liv-
ing and feeding until the dung is ex-
hausted or its structure breaks down.
Other species tunnel into the earth be-
low or next to a pile of dung and haul the
dung into the burrow. Still others, such
as the Egyptian scarab Scarabaeus sacer,
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cut out pieces of dung, shape them into
balls and roll them from one to 15 me-
ters or even more before burying them.
The beetles employing each of the
three techniques have morphological
adaptations that complement their be-
havior. The endocoprids are generally
small, a characteristic suited to feed-
ing inside dung that contains much fi-
brous material, as elephant and rhinoc-
eros dung does. The digging beetles are
often large and robust, with bodies that
function as earth-moving machines. The
most striking examples of this adapta-
tion are the huge beetles of the species
Heliocopris dilloni, which feed only on
elephant dung. Some of these beetles
weigh as much as 25 grams. They have
powerful legs, with shovel-like front tib-
ias and backward-directed spines on the
tibias of their two hind pairs of legs that
enable them to get good traction while
they push headfirst through the soil. The
leading and upper surfaces of the head
resemble the blade of a bulldozer. The
dung-rolling beetles, in contrast, have
long, thin, outwardly bowed hind legs
that are suited for running and that they
can wrap around a mass of dung, there-
by clinging to it as they form it into a
ball. Their front tibias have rakelike ex-
tensions that are utilized to pat bits of
dung onto the ball as it is being formed.
Dung rollers have evolved into many
sizes. Some weigh only a few milligrams
and roll pea-size balls. Others, such as
the species Scarabaeus laevistriatus and
Kheper platynotus, weigh as much as 10
grams and cut from elephant dung
spheres the size of tennis balls.
Burying dung has the advantage of
getting it out of the reach of competi-
tors. It is often imperative that burying
beetles work fast. The species that bury
dung below the pile (without any roll-
ing) usually form sexual pairs and work
as a team. They take dung into the bur-
row in loose bundles, ultimately form-
ing some of it into round or pear-shaped
brood balls. One egg is laid in each ball,
which provides all the food and water a



SCARAB BEETLES in East Africa work at removing a pile of ele- reflections from the backs of beetles, of which more than 200 can be
phant dung during the night. The bright spots in the photograph are counted. Visible beetles, taken together, weigh more than the dung.
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single larva needs to complete its devel-
opment. Only the females make brood
balls. The females also do most of the
work associated with nesting.

Generally the female makes the initial
burrow, pushing the soil she loosens up
to the surface and leaving it there. The
male may then push it away from the
entrance. As soon as the female stops
bringing up soil the male seizes a piece
of dung with his front legs and backs
down the burrow. When the tip of his
abdomen strikes the female’s head, he
drops his load and returns to the surface
for more. The female takes the piece of
dung and carries it the rest of the way
down the tunnel. In this pattern of be-
havior the male works on or near the
surface and so is exposed to predators,
whereas the female, which contributes
the greater share of the reproductive ef-
fort, works in the relative safety of a
burrow that may extend a meter or more
below the surface.

oth males and females of the ball-
rolling species make dung balls.
They eat some of the balls, but others
(made by the male) are key elements
in the mating sequence. The male and
the female first encounter each other at
the dung dropping, which has attract-
ed them both. A female may join for-
ces with a male that is making a ball or
has already made one. The details vary
among species, but the general pattern
of reproductive behavior is the same.

Kheper platynotus, a large beetle that is
active during the day, provides an exam-
ple. The female usually joins the male at
the dung pile while he is making a ball.
When he starts to roll the completed ball
away, the female clings to it and rides
along while the male laboriously pushes
it to the burial spot. The male buries the
ball by excavating the dirt under it so
that it sinks vertically into the earth. The
female, still aboard, sinks with it. When
the ball has been buried, the pair feed on
it, mate and return to the surface.

In some species the female does not
ride on the ball. For example, the female
of the species Gymnopleurus laevicollis
stands on the ground on her hind legs,
putting her front legs on the forward
side of the ball. She therefore appears to
be pulling the ball while the male, on the
other side, stands on his front legs and
pushes with his hind legs in the usual
scarab fashion. The female of the spe-
cies Scarabaeus sacer trails along two or
three centimeters behind the male as he
rolls the ball to the burial site.

Among all scarabs the male does the
work of burying the ball and the female
nibbles on it as they mate. Because a ball
serves the male in a sense as an offering
to the female that enables him to mate, it
is called a nuptial ball. (Nuptial feeding
is found in other insects and in a number
of vertebrates.) Plainly success in com-
peting for food is tied closely to repro-
ductive success.



BALL IS SHAPED from a bolus of elephant dung by a ball-rolling K. platynotus is the species portrayed on the cover of this issue. The
dung beetle of the species Kheper platynotus, which is active during male pushes the finished ball, with the female riding on it, over a
the day. (Most East African dung beetles work at night.) Two finished distance of several meters until a suitable burial place is found. The
balls, with a beetle climbing on one of them, are visible at the left. East African region’s lateritic soil gets its red color from iron oxides.

RESIDUAL MAT was all that was left of a bolus of elephant dung left by the time the photograph was made, but the ones remaining un-
when hordes of beetles had worked on it for a single night after it der the mat numbered in the thousands. Most of them would be gone
was dropped. Most of the beetles that were there during the night had within another day. One of the authors (Bartholomew) is at the left.
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Although the male dung beetle is in
no danger of being eaten by the female
after mating, which is what happens
among some insects such as the mantids,
he does incur considerable risk in mak-
ing a nuptial ball. Dung piles teeming
with beetles attract birds (hornbills, spur
fowl, guinea fowl) and mammals (the
mongoose) that prey on the beetles. A
male making a dung ball for a female
to eat in relative safety underground ex-
poses himself to risk while reducing the
risk to a potential mate.

Among the East African scarabs the
selective pressure to speed up the proc-
ess of finding dung and removing it from
the dung pile is intense. The pressure
arises not only because the dung attracts
predators on beetles but also because
both the physical environment and the
competition among the beetles make it
imperative for a beetle to get in and out
fast. One therefore wonders what be-
havioral and physiological mechanisms
have evolved that speed up the acquisi-
tion of dung.

Dung beetles cannot ordinarily em-
ploy the obvious strategy of fol-
lowing herds of mammals because the
mammals are active both day and night,
whereas the beetles (depending on the
species) are either diurnal or nocturnal.
Moreover, beetles that have buried a
ball stay with it for at least a day. By
the end of that time the mammals that
deposited the dung are likely to be far
away.

It is apparent that the beetles find
fresh dung by its odor: they always

approach from downwind. We learned
that enormous numbers of beetles could
find dung bait that had been hidden,
even when it was in an area without
game animals.

It is not known whether beetles cruise
continuously in search of dung or wait
to take off until they catch the scent. It
is known, however, that the control of
body temperature plays an important
role in the speed, the energy cost and
the potential reward of finding fresh
dung. The body temperature of a scar-
ab beetle at rest is within one degree
Celsius of the ambient temperature. It
is known that some large insects during
flight have a thoracic temperature as
much as 35 degrees C. above the tem-
perature of the air. In any one kind of
insect the power of the wing beats and
the speed of flight are closely correlat-
ed with the temperature of the muscles.
If the temperature of the flight musclesin
the thorax is lower than about 34 de-
grees, many large insects are unable to
generate enough lift and thrust to re-
main airborne. What is the situation in
dung beetles of various sizes?

We measured the thoracic tempera-
ture of beetles in flight by capturing
them at night as they arrived at dung or
at lights and immediately inserting into
their thoracic muscles a fine hypoder-
mic needle bearing a tiny thermocouple.
The thoracic temperature of the large
beetles was from 39 to 45 degrees, which
is from two to eight degrees higher than
the temperature of most mammals and
as high as that of flying birds. Some of
the beetles must have been flying with

b
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THREE SPECIES of East African dung beetle are shown in top and side views. The scale is
the same. The larger species (not the largest of African dung beetles) is Scarabaeus laevistria-
tus, a ball-rolling species active at dusk and during the night. At the left below it is a smaller
nocturnal ball roller, Gymnopleurus laevicollis. The third beetle is an endocoprid: it burrows
into dung and feeds on it until the resources are exhausted. Endocoprids are ordinarily small.
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muscle temperatures only a degree or
two below the level that is damaging and
possibly lethal.

These high thoracic temperatures are
necessary for flight in the larger dung
beetles. They cannot get airborne with
low muscle temperatures. The smaller
scarabs, however, can fly well with a
body temperature as low as 27 de-
grees, which is only a couple of degrees
above the nighttime ambient tempera-
ture in Tsavo Park while we were work-
ing there.

What accounts for this difference?
The answer involves at least in part the
relation between size and the rate of
heat flux. From our extensive measure-
ments of thoracic temperature as a func-
tion of size we conclude that in beetles
weighing up to two grams body temper-
ature is a passive function of the produc-
tion of heat (a necessary consequence of
flight metabolism) and the rate of pas-
sive cooling. The larger the beetle, the
smaller the relative amount of surface
area for dissipating heat and the high-
er the body temperature. There is, how-
ever, an upper limit of tolerable tem-
perature: about 45 degrees, which is
in fact approached by beetles weighing
only two or three grams.

Hence the larger beetles must active-
ly dissipate some of the heat they gener-
ate in the intense metabolism associated
with flight. They can do so only when
the temperature gradient between their
body and the air is large. Since they nec-
essarily heat up, it can be inferred that
they have evolved the biochemical ma-
chinery of the flight motor to function
optimally at the temperature it develops

during flight. The small beetles do not
heat up, and so they have been under
selective pressure to fly at lower muscle
temperatures.

When enzymes and other components
of the biochemical machinery have been
committed to perform at maximal rates
at one temperature, their function is
usually impaired at another. This trade-
off may have significant implications in
the strategies of competing for dung.
The small beetles can take off immedi-
ately when they smell dung. The large
beetles, however, must expend time and
energy in warming up before they can
fly. (We ascertained that a beetle of the
species Heliocopris dilloni weighing 11.7
grams needed five minutes to warm up
from 27 degrees to a flight temperature
of 40 degrees.)

he temperature of the flight muscles
has other implications. The flight
muscles in the thorax also heat up oth-
er thoracic muscles that move the legs.
Hence flight-muscle activity affects es-
sentially all the activity of a beetle such
as a ball roller: walking to a dung pile
after landing some distance away from
it, making a ball, rolling it away and
defending it against competitors. Each
of these activities is related to the rapidi-
ty of motion and power of movement
of the legs. It is therefore possible that
the flight temperatures, which are evo-
lutionarily related to body size, set the
rate for all other activities unless physi-
ological mechanisms are activated to cir-
cumvent them.
A physiological mechanism the large
beetles have, which keeps them from

being prisoners of the thermal environ-
ment, is shivering. Shivering involves
contractions of the flight muscles. It en-
ables the beetles not only to warm up for
flight but also to keep warm after they
land. Although shivering is essential for
flight, it seems to be an option for oth-
er activities. The ball-rolling beetles can
walk normally and do other things on
the ground with a body temperature at
about the level of the ambient temper-
ature. Beetles with low body tempera-
tures simply move slowly.

We found that the diurnal species
Scarabaeus catenatus, which moves rath-
er slowly anyway, had a thoracic tem-
perature of 41 degrees in flight, 28.4 de-
grees while making balls in the shade, 32
degrees while rolling balls in the shade
and 37 degrees while rolling balls in the
sun. The female of the species Kheper
platynotus that rides on the ball while the
male pushes it consistently has a lower
thoracic temperature than the male.

When a beetle is only walking, its tho-
racic temperature does not rise signifi-
cantly. We therefore conclude that the
animals sometimes shiver during certain
activities on the ground in order to
speed up their rate of work. One should
remember, however, that the amount of
competition among dung beetles active
during the day is low, so that at least
this one selective pressure for speeding
up the rate of activity is reduced.

At night, when the endocoprids and
the diggers make their great rush to
dung, the ball rollers have only min-
utes in which to secure dung from fresh
piles or from piles that have accumulat-
ed during the day. We concentrated our

DUNG-BALL ROUTINE of a female of the species Kheper aegyptio-
rum is depicted. She first cuts the material for a ball out of a bolus of dung
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and then shapes it (I). When the ball is finished, she starts to roll
it to a burial place (2), standing on her front legs and pushing




attention on one ball-rolling species,
Scarabaeus laevistriatus, which is active
at night. These beetles behaved very
differently from the ball-rolling species
that are active during the day.

The S. laevistriatus beetles, which are
large and long-legged, seldom walk in a
leisurely way but rather move at an al-
most frenzied pace. Like other large
East African dung beetles they are
strong and swift fliers, reaching speeds
as high as 30 kilometers per hour. They
almost certainly find dung by smell. We
do not know whether they search for
it by flying crosswind, by tacking back
and forth upwind or by waiting on the
ground until the odor reaches them. In
any event they always (in our experi-
ence) approach dung from downwind.
They sometimes land on it directly, but
more often they alight several meters
downwind and scurry along the ground
to the pile. Once they are on the dung
they clamber over it rapidly, repeatedly
manipulating it with their front legs and
probing it with their head, apparently
assaying it for the conditions of mois-
ture and cohesiveness that make it suit-
able for being formed into balls.

Thereafter their behavior depends on
the extent of activity by endocoprid bee-
tles and the presence or absence of other
S. laevistriatus beetles. If the dung has
been extensively leavened by endocop-
rids, the S. laevistriatus beetles usually
fly off within a minute or two, presum-
ably to look for something more suit-
able. Otherwise they start to make a
ball. They find a protuberance on the
pile, round it up, cut it off and roll it
away. Some of them burrow into the

dung, make a ball there, push it to the
surface and roll it away.

The time it took the beetles we
watched to make a ball ranged from 1.1
to 53 minutes. The longer times were
observed only when we put wire screens
over dung piles to exclude endocoprids
and other competitors. Endocoprids can
render fresh dung unsuitable for ball
making in 15 minutes.

he ball-making beetle S. laevistriatus

uses its front legs intensively to pat
additional pieces of dung onto a ball
and shape it. The rapidity of the patting
movements is directly related to the tho-
racic temperature. The relatively cool
diurnal beetles worked quite slowly,
but the patting movements of the S.
laevistriatus beetles, which were usually
warm, were extremely rapid.

The relation between body tempera-
ture and speed of ball construction is
affected by many variables, including
the consistency of the dung, the size of
the ball being made, the density of the
ball, the presence or absence of other S.
laevistriatus beetles attempting to steal
the ball and the presence or absence of
endocoprids that break up the ball as it
is being formed. If a number of endo-
coprids invade a ball while it is under
construction, the S. laevistriatus beetles
abandon it. (One 33-gram ball that was
abandoned before it had been finished
had more than 50 small endocoprid bee-
tles in it.) Notwithstanding such varia-
bles the hottest beetles were usually the
first to leave with completed balls. An
exception is the beetles working with-
in the dung pile; they appear to sacri-

fice speed of getaway in order to make
a dense, more cohesive ball.

Even after 20 minutes of ball con-
struction in piles of dung that had
cooled to the temperature of the air
some beetles had thoracic temperatures
near 40 degrees. On the basis of the rate
at which dead animals cool we estimate
that if these beetles had not generated
heat, they would have cooled to within
two or three degrees of the air or dung
temperature in about 10 minutes. On the
other hand, some beetles of the same
species had low thoracic temperatures
as they made balls. We do not know why
some beetles shiver and stay warm and
others cool off, but we suspect that (as
with certain other animals) the differ-
ence may be related to the amount of
stored energy available. The beetles that
cool off probably have depleted their re-
serves of energy; the others have not.
The energy cost of maintaining an ele-
vated body temperature is high but the
benefits are significant. A warm beetle is
likelier than a cold one to leave with a
ball of dung.

We also found that the success of a
given S. laevistriatus beetle in making
and burying a dung ball depends in large
part on its fighting ability, which we
found to be closely related to thoracic
temperature. The best strategy for ob-
taining a ball quickly is to steal it. A new
arrival at a dung pile often makes such
an attempt. The ball roller maneuvers
quickly to place itself between the at-
tacker and the ball, meanwhile continu-
ing to roll the ball away. If the attacker
manages to climb on the ball anyway, a
spirited contest develops. Both beetles

‘}

with her hind legs in the usual manner of African dung beetles.
Once a suitable spot has been found she burrows (3) as much as

© 1979 SCIENTIFIC AMERICAN, INC

half a meter into the ground to bury the ball. After the ball has been bur-
ied (4) the beetle lays a single egg in it. The ball serves as food for larva.
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grasp the ball firmly with their middle
and hind legs and try to dislodge each
other by forward and upward flicking
motions of their powerful front legs.
Sometimes they grapple with their mid-
dle and hind legs while kicking or push-
ing with their front legs. The loser is
often flicked 10 centimeters or more
through the air, usually landing on its
back. We never saw a contestant injured,
however, in the hundreds of natural and
staged fights we watched.

To assay the effects of temperature on
this kind of aggression we staged con-
tests with balls made by the beetles. The
balls lasted for only a few minutes, how-

ever, because endocoprids entered and
quickly destroyed them and because the
vigor of the fighting soon tore the balls
apart. We therefore made artificial balls
of clay, squeezing fluid from elephant
dung on them. Arriving beetles accept-
ed them readily, attempted to roll them
away and defended them vigorously.
In our staged contests we observed as
many successful takeovers as successful
defenses. The winner was usually the
beetle with the higher temperature. In-
deed, high body temperature was more
important than size in determining the
winner of a contest.

A beetle has little to lose, except for

MORPHOLOGICAL ADAPTATIONS of African dung beetles reflect the different ways of
dealing with dung. The large Heliocopris dilloni, which is a digger that feeds only on elephant
dung, has shovel-like front tibias to aid digging and backward-pointing spines on the tibias of
the hind legs to improve traction (/eff). The ball roller Scarabaeus laevistriatus (right) has long,
thin hind legs that are suited for running and for clinging to dung while the beetle forms a ball.

© 1979 SCIENTIFIC AMERICAN, INC



More than just
an exciting destination
for your (inter)national meeting.

This is where things are happening. Through our contacts
you can reach Science and Technology, Trade and Industry,
Theater, Art and Business too. Give us a call or write.

We'll send you the facts or brief you in person.

International Congress Center Berlin

EyN—— T

Fairs and Congresses, Ltd. Our Representative: Dieter H.von Schramm
International Congress Center Berlin Box 191740, Messedamm 22, 1735 Eye Street, N.W,, Suite 718,
Congress HallBerlin D-1000 Berlin 19 i
Ex:igztion Grounds Berlin enn Washington, D.C. 20 006
Deutschlandhalle/Ice Palace Berlin Telephone: (202) 659-0440, Telex: ttm 64 134

155

© 1979 SCIENTIFIC AMERICAN, INC



the investment of energy, from risking a
fight. The fights are short (seldom last-
ing longer than 10 seconds) and result in
few if any injuries. Under these condi-
tions it is clearly advantageous for a
newly arrived beetle, still hot from fly-
ing, to risk a fight. It follows that if a
beetle has already invested the time and
energy needed to make a ball, it should
roll the ball away and bury it as quickly
as possible.

he S. laevistriatus beetles rolled their
dung balls with alacrity. We mea-
sured rates as high as 14 meters per min-
ute on level ground, but only in beetles
with a thoracic temperature of 40 de-
grees or more. The velocity of ball-roll-
ing was a direct function of the thorac-
ic temperature. Beetles with a thoracic
temperature of 42 degrees rolled at an
average rate of 11.4 meters per minute,
whereas at 32 degrees the average rate
was 4.8 meters per minute. In all the S.
laevistriatus beetles that we observed the
thoracic temperature was elevated while
the beetles were rolling balls.
The metabolic rate of endothermic
beetles during such activity is at least

44 | | =

as high as that of a small mammal such
as a shrew, which must eat a quantity
of food at least equal to its own weight
every day in order to sustain the high
energy cost of endothermy. When food
is in short supply, many small birds and
mammals depart from endothermy, be-
coming temporarily ectothermic and al-
lowing their body temperature to drop
almost to the temperature of their sur-
roundings. The nocturnal S. laevistriatus
beetles are on an energy tightrope. The
amount of food energy they can get
increases with the extent of their en-
dothermy, but so does their energy ex-
penditure. They can maximize the net
amount of energy they get from food
only if the timing of their energy ex-
penditure is precise. Their periods of en-
dothermy must coincide with the times
when the potential yield of energy is
highest.

Since S. laevistriatus beetles are of-
ten active just before and at sunset, one
wonders why they have not become di-
urnal. In that way they would escape the
intense competition from endocoprids
at night. We do not know the answer.
We can only suggest that in the evolu-

tionary past (and perhaps now) diurnal
birds and other predators have taken
such a heavy toll of beetles during the
day that it is advantageous to the beetles
to remain nocturnal.

he findings on the role of endother-

my in dung beetles are helpful in un-
derstanding the significance of its evo-
lution in other animals, including birds
and mammals. Dung beetles achieve
their highest rates of activity on the
ground when their body temperature is
at the level necessarily generated dur-
ing flight; they have not evolved the ca-
pacity to achieve high rates of activi-
ty at low body temperature. In beetles
as in other animals it appears that the
biochemical machinery is adapted to
the highest body temperature it reach-
es when it has to work at its maximum
rate, which is the case with a large beetle
when it is flying. Hence the maximum
rates of activity that can be achieved at
all lower temperatures depend on the
passive effects of temperature on meta-
bolic processes, which usually double
in rate with each increase of 10 degrees
C. in body temperature.
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flight (top) and at takeoff (bortom) of several species of African dung
beetle. At 44 degrees Celsius a beetle is near the lethal temperature.
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The Quantum Theory and Reality

The doctrine that the world is made up of objects whose existence

is independent of human consciousness turns out to be in conflict

with quantum mechanics and with facts established by experiment

ny successful theory in the physical
A sciences is expected to make ac-
curate predictions. Given some
well-defined experiment, the theory
should correctly specify the outcome or
should at least assign the correct prob-
abilities to all the possible outcomes.
From this point of view quantum me-
chanics must be judged highly success-
ful. As the fundamental modern theory
of atoms, of molecules, of elementary
particles, of electromagnetic radiation
and of the solid state it supplies meth-
ods for calculating the results of experi-
ments in all these realms.

Apart from experimental confirma-
tion, however, something more is gener-
ally demanded of a theory. It is expected
not only to determine the results of an
experiment but also to provide some un-
derstanding of the physical events that
are presumed to underlie the observed
results. In other words, the theory
should not only give the position of a
pointer on a dial but also explain why
the pointer takes up that position. When
one seeks information of this kind in the
quantum theory, certain conceptual dif-
ficulties arise. For example, in quantum
mechanics an elementary particle such
as an electron is represented by the
mathematical expression called a wave
function, which often describes the elec-
tron as if it were smeared out over a
large region of space.

This representation is not in conflict
with experiment; on the contrary, the
wave function yields an accurate esti-
mate of the probability that the electron
will be found in any given place. When
the electron is actually detected, how-
ever, it is never smeared out but always
has a definite position. Hence it is not
entirely clear what physical interpreta-
tion should be given to the wave func-
tion or what picture of the electron one
should keep in mind. Because of ambi-
guities such as this many physicists find
it most sensible to regard quantum me-
chanics as merely a set of rules that pre-
scribe the outcome of experiments. Ac-
cording to this view the quantum theory
is concerned only with observable phe-
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nomena (the observed position of the
pointer) and not with any underlying
physical state (the real position of the
electron).

t now turns out that even this renun-

ciation is not entirely satisfactory.
Even if quantum mechanics is consid-
ered to be no more than a set of rules,
it is still in conflict with a view of
the world many people would consider
obvious or natural. This world view is
based on three assumptions, or premises
that must be accepted without proof.
One is realism, the doctrine that regular-
ities in observed phenomena are caused
by some physical reality whose exis-
tence is independent of human observ-
ers. The second premise holds that in-
ductive inference is a valid mode of
reasoning and can be applied freely, so
that legitimate conclusions can be drawn
from consistent observations. The third
premise is called Einstein separability or
Einstein locality, and it states that no
influence of any kind can propagate
faster than the speed of light. The three
premises, which are often assumed to
have the status of well-established
truths, or even self-evident truths, form
the basis of what I shall call local realis-

tic theories of nature. An argument de-
rived from these premises leads to an
explicit prediction for the results of a
certain class of experiments in the phys-
ics of elementary particles. The rules
of quantum mechanics can also be em-
ployed to calculate the results of these
experiments. Significantly, the two pre-
dictions differ, and so either the local
realistic theories or quantum mechanics
must be wrong.

The experiments in question were first
proposed as “thought experiments,” in-
tended for the imagination only. In the
past few years, however, several ver-
sions of them have been carried out with
real apparatus. Although not all the
findings are consistent with one another,
most of them support the predictions of
quantum mechanics, and it now seems
that unless some extraordinary coinci-
dence has distorted the results the quan-
tum-mechanical predictions will be con-
firmed. It follows that the local realistic
theories are almost certainly in error.
The three premises on which those theo-
ries are founded are essential to a com-
mon-sense interpretation of the world,
and most people would give them up
only with reluctance; nevertheless, it ap-
pears that at least one of them will have

CORRELATIONS BETWEEN DISTANT EVENTS can form the basis of conclusions about
the structure of the world. Suppose a physicist sets up an experiment in which subatomic par-
ticles such as protons are fired one at a time into an instrument that can give only two possible
readings, plus and minus (a). He finds that for some protons the reading is plus and for others
it is minus, but he cannot tell whether the instrument measures some real property of the pro-
tons or merely records random fluctuations. The physicist then arranges two identical instru-
ments with a source that emits two protons simultaneously (5). He observes a strict negative
correlation: whenever one instrument reads plus, the other reads minus. On the basis of this cor-
relation the physicist concludes that a real property of protons is responsible for the readings
and that its value is determined before the protons leave the source. If the sample of particles
measured meets certain statistical tests, he can go on to infer that every pair of protons emitted
by the source consists of one proton with the property plus and one with the property minus,
even if neither proton is submitted to a measurement (c). The conclusions are reasonable if
three premises are accepted as valid: that at least some properties of the world have an existence
independent of human observers, that inductive inference can be applied freely and that a mea-
surement made with one instrument cannot influence the result of a measurement made with
the other instrument. A more restrictive form of the last premise forbids such influences only
if the two measurements are so nearly simult: that the infl e would have to propagate
faster than light. The premises can be identified as realism, the free use of induction and sep-
arability; the more restrictive version of the separability premise is called Einstain separabil-
ity or Einstein locality. Any theory that incorporates them is called a local realistic theory.
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to be abandoned or modified or in some
way constrained.

The experiments are concerned with
correlations between distant events and
with the causes of those correlations.
For example, suppose two particles a
few meters apart are found to have iden-
tical values of some property, such as
electric charge. If this result is obtained
once or a few times, it might be dis-
missed as coincidence, but if the corre-
lation is detected consistently in many
measurements, a more systematic expla-

nation is called for. It would make no
difference if the measured values were
always opposite instead of the same; the
correlation would then be a negative
one, but its magnitude would be just as
great, and it would be just as unlikely to
arise by chance.

Whenever a consistent correlation be-
tween such events is said to be under-
stood, or to have nothing mysterious
about it, the explanation offered always
cites some link of causality. Either one
event causes the other or both events

5 - : ——
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LOCAL REALISTIC THEORIES and quantum mechanics make conflicting predictions for
certain experiments in which distant events are correlated. In particular, local realistic theories
predict that a relation called the Bell inequality will be obeyed, whereas quantum mechanics
predicts a violation of the inequality. There is strong experimental evidence that the inequality
is violated in the way predicted by quantum mechanics. Local realistic theories therefore seem
to be untenable, and at least one of the premises underlying those theories must be in error.
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have a common cause. Until such a link
has been discovered the mind cannot
rest satisfied. Moreover, it cannot do so
even if empirical rules for predicting fu-
ture correlations are already known. A
correlation between the tides and the
motion of the moon was observed in an-
tiquity, and rules were formulated for
predicting future tides on the basis of
past experience. The tides could not be
said to be understood, however, until
Newton introduced his theory of univer-
sal gravitation.

The need to explain observed corre-
lations is so strong that a common
cause is sometimes postulated even
when there is no evidence for it beyond
the correlation itself. Whether or not
this procedure can always be justified is
a central issue in the conflict between
quantum mechanics and local realistic
theories. The correlations in question
are between observations of subatomic
particles, where a quantum-mechanical
description, with its attendant episte-
mological hazards, is indispensable. The
predictions of local realistic theories,
however, can be illustrated by consider-
ing how correlations between distant
events are explained in a more famil-
iar context, where quantum mechanics
need not be introduced.

Imagine that a psychologist has de-
vised a simple test, which a subject
must either pass or fail, so that there
can be no ambiguity in the results. The
psychologist finds that some people
pass and some fail, but he does not
know what distinguishes the two groups
other than their performance on the test
itself. In other words, he cannot tell
whether the test measures some real ap-
titude or attribute of the subjects or
whether the results are haphazard.

It seems there is no general solution to
this problem, but in a special case it
might be solved. Suppose the test is ad-
ministered not to a series of individuals
but to a series of married couples and
that a strong correlation is detected in
their answers. The procedure might con-
sist in separating the husbands from the
wives before the test and then giving the
test to each of them in isolation. When
the results are analyzed, it is found again
that part of the population has passed
and part has failed, but in the case of
each couple where the husband passed
so did the wife; similarly, whenever the
husband failed so did the wife.

If this correlation persists after many
couples are tested, the psychologist is
almost sure to conclude that the re-
sponse of each subject is not determined
randomly at the time of testing. On the
contrary, the test must reveal some real
property or attribute of the subjects.
The property must already be present
in the subjects before they are tested,
and indeed before they are separated.
Chance may have had some influence
on the development of the property,
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BELL INEQUALITY, formulated by John S. Bell of the European
Organization for Nuclear Research (CERN), can be proved in two

stages. The inequality applies to experiments with particles that have

three stable properties, 4, B and C, each of which can have the values
plus and minus. Thus there are 23, or 8, possible classes of particles,
corresponding to the eight regions of the diagrams shown here. If a
particle has been found to have the properties 4+ and B-, then it

i

| N(A*B") + N(A B*)

must be a member either of the class 4+B-C+ or of theclass 4 *B-C-. I NAC)+N(ACH ] + 1 N(B'C )+ N(BC*)
Hence if M4 +B-) represents the number of such particles, it must

be equal to the sum M4 +B-C+) + MA+B~-C-).In a similar way it can

be shown that M(4+C~-) is equal to M4 +B+C~) + M4 +B~C-), from e

which it follows that M4 +C-) is greater than or at least equal to —— —

MA +B-C-). The same reasoning leads to the conclusion that M(B-C+) ‘7 ,/

must be greater than or equal to M4 +B-C+). These three relations /;' \
can now be combined to yield a further inequality, which asserts that 4

the number of 4+B- particles cannot exceed the sum of the 4+C- isnm vosally
particles and the B-C+ particles. The same relation holds if all signs o /:j
are reversed to give the inequality M(4-B+) < M4-C+) + MB+C-). e ’,4:]./,4
The last two inequalities can be added to yield a relation among all -+ /'/‘},4" 1
individual particles for which two properties have opposite values. . 9alis
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since not all the couples possess it, but
thatinfluence must have been exerted at
some time before the husbands and the
wives were separated. It was only then,
while the husbands and the wives were
still united, that they could have ac-
quired any traits that would induce
them to respond consistently the same
way. Thus the correlation is explained
by attributing it to a common cause an-
tecedent to the test.

One other explanation that must be
excluded in deriving this conclusion is
the possibility that husbands and wives
could communicate with each other
while they were taking the test. If some
means of communication were avail-
able, there would be no need for any
tested attribute to exist beforehand.
Whichever spouse was given the test
first could choose a response at random
and send instructions to the other, there-
by creating the observed correlation. In
giving a psychological test it would not
be hard to guard against subterfuge of
this kind. In the extreme case the tests
could be made so nearly simultaneous,
or husbands and wives could be tested at
sites so far apart, that a signal moving no
faster than light could not arrive in time
to be of any value.

Once having decided that the test
measures some real property of in-
dividuals, the psychologist can take a
further step and make an inductive in-
ference. If the couples already tested
constitute an unbiased sample of some
population of couples, and if the sample
meets certain statistical standards, the
psychologist can infer that any couple
taken from the same population will be
made up of a husband and a wife who
either both possess or both do not pos-
sess the property measured by the test.
By the same principle he can conclude
that in any large, unbiased sample of
couples who have not yet been tested
some of the couples will have the prop-
erty and some will not. The confidence
of these assertions approaches certain-
ty as the size of the sample increases.
Hence both the correlation within cou-
ples and the existence of differences be-
tween couples are inferred to exist even
in the segment of the population that has
not been submitted to any test.

These conclusions rest on the same
three premises that form the basis of lo-
cal realistic theories. Realism is a neces-
sary assumption if one is to believe at
least some tests measure stable proper-
ties that exist independently of the ex-
perimenter. It was necessary to assume
the validity of inductive inference in or-
der to extrapolate from the observed
data to the segment of the population
that had not yet been tested. Separabili-
ty was incorporated in the assumption
that husbands and wives being tested
cannot communicate with each other. If
the tests are given simultaneously, so
that any signal passing between hus-

Once in a great while,
something comes along that
exceeds your expectations.

% 5
i P

- 10 4 a1
A AT
AT 4 MDA LTy
R Sy Lt

86 Proof Blended Scorch Whsky © 1979 Padduingron Corp., N.Y

© 1979 SCIENTIFIC AMERICAN, INC




THE BMW 528i.
ACARTHAT MEETS

THE DEMANDS OF THE 80's
WITHOUT VIOLATING
THE CONCEPT OFABMW.

| Conventional automotive wis-

| dom has it that any increase in a car’s
environmental control paraphernalia
must inevitably result in a corre-
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regulations have all but sounded the
death knell for high-performance
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These gloomy predictions,
however, do not take into consider-
ation the determination of the engi-
neers at the Bavarian Motor Works
to build extraordinary automobiles.

Against all odds, the BMW
528i not only meets the demands of
society, it also provides the kind of
exhilarating driving experience that
most people have all but given up
for lost in today's luxury automobiles.

AMIDST INCREASING MEDIOC-

528i's fuel-injected, six-cylinder,
overhead cam engine responds in a
manner that can only be described
as exhilarating.

And yet, the 528i (with stan-
dard transmssnon) delivers an
impressive [17] EPA estimated mpg,
26 estimated highway mileage and,
based on these figures, an esti-
mated mpg range of- 279)miles and
a highway range of 426 miles.

(Naturally our fuel efficiency
figures are for comparison purposes
only. Your actual mileage and range

[ may vary, depending on speed,

weather and trip length. Your actual
highway mileage and highway
range will most likely be lower)

Its four-speed manual trans-
mission (automatic is available) runs
smoothly and precisely up through
the gears.

Its suspension system—indepen-
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And, while the 528i provides
aslong a lst of luxury items as one
could sanely require—AM/FM
stereo cassette, full-power acces-
sories, air conditioning, etc.—its lux-
ury is purposefully engineered to
help prevent driver fatigue.

Vital controls are within easy
reach; the tachometer, speedom-
eter and ancillary instruments are
well-marked and easy to read.

Its front seats are designed to
hold their occupants firmly in place,
and are so thoroughly adjustable
that it is all but impossible not to
find a comfortable seating position.

If you'd care to judge the ex-
traordinary performance of the
528i for yourself, phone
your nearest BMW deal-
er and he will arrange
a thorough test drive at
your convenience.

THE ULTIMATE DRIVING MACHINE.

Bavarian Motor Works, Munich, Germany.




bands and wives would have to propa-
gate faster than the speed of light, the
assumption is equivalent to Einstein
separability.

At first the conclusions drawn from
this hypothetical experiment in psychol-
ogy seem to follow quite obviously from
the data. An epistemologist might none-
theless maintain that the conclusions are
uncertain. In particular an epistemolo-
gist trained in the foundations of quan-
tum mechanics might argue that there is
no logical necessity for accepting the
three premises of the psychologist’s ar-
gument; hence neither would it be neces-
sary to conclude that a correlation exist-
ed between the husbands and wives be-
fore they were tested, or that differen-
ces existed between the couples before
any tests were given. The psychologist is
likely to find these objections laughable,
an expression of misplaced doubt or of a
very unscientific adherence to paradox.
In the literature of quantum mechanics,
however, there are numerous arguments
similar or equivalent in form to this one,
all purporting to show that correlations
and differences need not exist until they
are measured.

A singular feature of quantum me-
chanics is that its predictions generally
give only the probability of an event, not
a deterministic statement that the event
will happen or that it will not. The wave
function employed to describe the mo-
tion of an elementary particle is often
interpreted probabilistically: the proba-
bility of finding the particle at any given
point is proportional to the square of
the wave function at that point. As I
mentioned above, a wave function can
sometimes be spread out over a large
region, which implies that the probabili-
ty can also be broadly distributed. Of
course, when a measurement is actually
made at some chosen point, the particle
must either be detected or not be detect-
ed; the wave function is then said to col-
lapse. Suppose the particle is detected.
The question of epistemological interest
is then: Did the particle have that defi-
nite position all along, even before the
measurement was made?

The conclusions of the psychologist,
if they could be transferred to this con-
text, would imply that the position of
the particle was well defined from the
start, just as the attribute discovered in
some members of the population was
deduced to have existed before any tests
were given. According to this argument
the position of the particle was never
indeterminate but was merely unknown
to the experimenter.

Most authorities on the quantum the-
ory would disagree. One excep-
tion among physicists was Einstein, who
throughout his life remained dissatisfied
with the probabilistic nature of the in-
terpretations generally given to quan-
tum mechanics. He based his most inci-
sive criticism of those interpretations on

an argument that was somewhat similar
to the one I have attributed to the psy-
chologist. In 1935 Einstein published a
paper with two young colleagues, Boris
Podolsky and Nathan Rosen, in which
he stated his objections explicitly. He
did not maintain that the quantum theo-
ry is wrong; on the contrary, he assumed
that at least some of its predictions must
be correct. What he proposed was that
the quantum-mechanical description of
nature is incomplete or approximate.
The motion of a particle must be de-
scribed in terms of probabilities, he ar-
gued, only because some of the parame-
ters that determine the motion have not
yet been specified. If the values of these
hypothetical “hidden parameters” were
known, a fully deterministic trajectory
could be defined.

A number of counterarguments to
Einstein’s proposal have been formulat-
ed. For now I shall mention only one of
them, which is based on the criterion of
utility. It is immaterial, the argument
states, whether or not hidden parame-
ters exist, or whether differences be-
tween married couples exist in the ab-
sence of a test. Even if they do exist, they
should not be incorporated into any the-
ory devised to explain the observations,
and so they can be said to have no sci-
entific existence. The exclusion of the
hidden parameters is justified by the
conjunction of three facts. First, the
mathematical formalism of the theory
is simpler if any hidden parameters are
ignored. Second, this simple formalism
predicts results that are confirmed by
experiment. Third, adding the hidden
parameters to the theory would give rise
to no supplementary predictions that
could be verified. Thus the assertion that
hidden parameters exist is beyond the
reach of experiment and is a proposition
not of physics but of metaphysics.

This defense of the conventional in-
terpretation of quantum mechanics dis-
misses any hidden parameters as being
superfluous and ultimately, perhaps,
meaningless. Recent theoretical devel-
opments have shown that their actual
status is quite different. The hypothesis
that hidden parameters exist does in fact
lead to experimental predictions differ-
ing from those of quantum mechanics.
Hidden-parameter theories, and local
realistic theories in general, place a lim-
it on the extent to which certain dis-
tant events can be correlated; quantum
mechanics, in contradistinction, predicts
that under some circumstances the limit
will be exceeded. Hence it should be
possible, at least in principle, to devise
an experimental test that will discrimi-
nate between the two theories.

Suppose a physicist has devised a test
that can be carried out on subatomic
particles such as protons. After many
trials he finds that some protons pass the
test and others fail, but he does not know
whether he is measuring some real prop-
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erty of the protons or merely observing
random fluctuations in his apparatus.
He therefore tries applying the test not
to individual protons but to pairs of
them. The protons that make up each
pair are initially in close proximity,
having been brought together by some
well-defined procedure that is the same
for all the pairs. The protons are then
allowed to separate, and when they
have moved some macroscopic distance
apart, they are tested, simultaneously
for some pairs and with an interval be-
tween the tests for the remaining pairs.
The physicist discovers a strict negative
correlation: whenever one proton in a
pair passes the test, the other proton in-
variably fails.

The situation of the physicist has ob-
vious similarities to that of the psychol-
ogist giving a test to married couples,
and the same reasoning might be ap-
plied to the results of the physical exper-
iment. If realism, the free use of induc-
tion and Einstein separability are all ac-
cepted as premises, then the physicist is
justified in concluding that his test does
measure some real property of protons.
For the correlation to be explained the
property must exist before the protons
in each pair are separated, and it must
have some definite value from then until
the measurement is made. Furthermore,
if additional pairs of protons are pre-
pared by the same method, the physicist
knows that in each case one proton will
have the property and one will not, even
if neither proton is actually tested.

Is there any real test that can be car-
ried out on subatomic particles with re-
sults like these? There is. It is a measure-
ment of any one component, defined
along some arbitrary axis, of the spin of
a particle. The spin attributed to a suba-
tomic particle is analogous only in some
respects to the spin angular momentum
of a macroscopic body such as the earth.
For the purposes of this discussion,
however, there is no need to introduce
the details of how spin is treated in
quantum mechanics. It will suffice to
note that the spin of a particle is repre-
sented by a vector, or arrow, that can be
imagined as being attached to the parti-
cle. A projection of this vector onto any
axis in three-dimensional space is the
component of the spin along that axis. A
well-established but nonetheless sur-
prising property of protons (and many
other particles) is that no matter what
axis is chosen for a measurement of a
spin component the result can take on
only one of two values, which I shall
designate plus and minus. (A measure-
ment of a component of the earth’s spin
would give very different results; de-
pending on the direction of the compo-
nent, it could have any value from zero
up to the total angular momentum of
the earth.)

A strict negative correlation between
spin components is observed when any
two protons are brought together in
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the quantum-mechanical configuration
called the singlet state. In other words, if
two protons in the singlet state are al-
lowed to separate and the same compo-
nent of spin is subsequently measured
on both particles, it will always be plus
for one proton and minus for the other.
There is no known means of predicting
which particle will have the plus compo-
nent and which the minus component,
but the negative correlation is well es-
tablished. It makes no difference what
component of the spin the experimenter
chooses to measure, provided the same
component is measured for both parti-
cles. It also makes no difference how far
the protons travel before the measure-
ment is made, as long as there are no
perturbing influences, such as other par-
ticles or radiation, along their paths.

In this simple measurement there is
no conflict between the predictions
of quantum mechanics and those of
local realistic theories. A conflict can
arise, however, when the experiment is
made somewhat more complicated.
The vector that represents the spin

of a particle is defined by components
along three axes in space, which need
not necessarily be at right angles to one
another. For a vector associated with a
macroscopic object in everyday life, one
would assume as a matter of course,
and with good reason, that all three
components have definite values at all
times; the value of a component might
be unknown, but it cannot be undefined.
When this assumption is applied to the
spin vector of a particle, however, it
becomes highly suspect, and indeed in
the conventional interpretation of quan-
tum mechanics it is dismissed as an in-
stance of a hidden-parameter theory.
The problem is that no experiment can
be devised, even in principle, that would
provide information about the simulta-
neous values of all three components. A
single instrument can measure only one
spin component, and in doing so it gen-
erally alters the values of the compo-
nents. Hence in order to learn the val-
ues of three components three measure-
ments would have to be made in succes-
sion. By the time the particle emerged
from the third instrument it would no
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SECOND STAGE OF THE PROOF extrapolates from the case of single particles for which
two properties are known to that of pairs of particles, each particle of which is tested for one
property. The pairs are created in such a way that there is always a strict negative correlation
for any property considered separately, that is, if one particle in a pair has the property 4+,
the other must have the property 4-. Because of this correlation, if one particle in a pair is
found to be 4+ and the other is found to be B+, it is possible to deduce both properties of both
particles. The doubly positive test result can arise only if one particle has the two properties
A+*B- and the other has the properties 4 -B+. Hence the number of such doubly positive test
results, which can be designated n[4+B+], must be proportional to the total number of parti-
cles with the properties 4 * B~ and 4 - B+, Similar proportionalities can be derived for the num-
ber of doubly positive results observed when pairs of particles are tested for properties 4 and C
and for properties B and C; these are the quantities n[4+C+] and n[B+C+]. The constant of
proportionality depends only on the number of pairs submitted to each set of tests and on the
total number of pairs, and so the constant is the same in all three cases. It follows that the three
ratios of the number of doubly positive test results to the number of individual particles that
can give rise to those results must also be equal. A relation has already been demonstrated
between the numbers of individual particles with the indicated properties; it is the inequali-
ty proved in the illustration on page 162. If that inequality is to hold, there must be a simi-
lar inequality between the numbers of doubly positive test results. This is the Bell inequality.
The proof is valid only if the three premises of local realistic theories are assumed to be valid.
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longer have the same spin components it
had when it entered the first instrument.
Although no instrument can measure
more than one spin component at a
time, a device can be built that is capa-
ble of being adjusted to measure the spin
component along any one of three ar-
bitrarily chosen axes. I shall designate
these axes 4, B and C and note the re-
sults of experiments as follows. If the
spin component along axis 4 is found to
be plus, it is labeled A4+; if the compo-
nent along axis B is minus, it is given as
B-, and so on. The physicist can now
prepare a large batch of protons in the
singlet state. He finds that if he measures
component A4 for both protons in each
pair, some protonsare A+ and others are
A-, but whenever one member of a pair
is A+, the other member is always A-. If
he decides instead to measure compo-
nent B, he observes the same negative
correlation: whenever one proton is B+,
its singlet partner is B-. Similarly, a C+
proton is invariably accompanied by a
C- one. These results hold no matter
how the axes 4, B and C are oriented.
It is important to emphasize that in
these experiments no proton is submit-
ted to a measurement of more than
one spin component. Nevertheless, if the
physicist accepts the three premises of
local realistic theories, he can draw con-
clusions from these findings about the
values of all three components, follow-
ing an argument much like that of the
hypothetical psychologist. Considering
a fresh batch of proton pairs in the sin-
glet state on which no spin measurement
has yet been made (and perhaps on
which no such measurement will ever be
made), he can infer that in every pair
one proton has the property A+ and the
other has the property 4-. Similarly, he
can conclude that in every pair one pro-
ton has the property B+ and one B- and
one has the property C+ and one C-.

hese conclusions require a subtle

butimportantextensionof the mean-
ing assigned to a notation such as A4+.
Whereas previously 4+ was merely one
possible outcome of a measurement
made on a particle, it is converted by
this argument into an attribute of the
particle itself. To be explicit, if some
unmeasured proton has the property
that a measurement along the axis A4
would give the definite result 4+, then
that proton is said to have the property
A+. In other words, the physicist has
been led to the conclusion that both pro-
tons in each pair have definite spin com-
ponents at all times. The components
may be unknown, since the physicist
cannot say which proton in a pair has
the property A+ and which has the prop-
erty A- until a measurement along axis
A has been made, but he can argue from
the premises of local realistic theories
that the values are quite definite even in
the absence of any measurements. This
view is contrary to the conventional in-
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suitable pair of protons had been emitted. Each proton would then
enter an analyzer, where it would be deflected to one of two detectors
depending on the value of its spin component along the axis defined
by the analyzer. If the analyzers were set to measure the spin compo-
nents along the same axis, a strict negative correlation would be ob-
served. If one analyzer were rotated, so that they measured different
components, local realistic theories predict that the correlation ob-
served would be no greater than that allowed by the Bell inequality
regardless of what the angle between the analyzers was. Quantum
mechanics predicts a violation of the Bell inequality for some angles.

terpretation of quantum mechanics, but
it is not contradicted by any fact that has
yet been introduced.

The strict negative correlation for
protons in the singlet state is expected
only when the same spin component is
measured on both protons. What hap-
pens when the instruments are set to
measure different components? To be
precise, consider the following experi-
ment. Pairs of protons are brought to-
gether in the singlet state by the same
method employed in the earlier experi-
mentsand are allowed to separate under
exactly the same conditions. Each pro-
ton is then tested for just one spin com-
ponent, A, B or C, but which one of the
components is measured in each case is
determined entirely at random. Some-
times by coincidence the same compo-
nent will be measured on both protons
in a pair; those results are discarded,
since they provide no new information.
The remaining pairs must then be made
up of either one proton tested along axis
A and one tested along axis B, or one
tested along axis 4 and one along axis C,
or one along axis B and one along axis C.
For the sake of brevity I shall refer to
the pairs in each of these three popula-
tions as AB, AC and BC. A pair that on
testing yields the results 4+ for one pro-
ton and B+ for the other can be labeled
an A+ B+ pair. The number of such pairs
observed can be represented by the no-
tationn[A+ B+]. Can any relation among
these quantities be expected?

In 1964 John S. Bell of the Europe-
an Organization for Nuclear Research
(CERN) discovered such a relation. For
any large sample of singlet proton pairs
Bell showed that the tenets of local real-
istic theories impose a limit on the ex-
tent of correlation that can be expect-
ed when different spin components are
measured. The limit is expressed in the
form of an inequality, which is now
called the Bell inequality. Given the ex-
perimental conditions described above,
it states that the number of 4+B+ pairs
cannot exceed the sum of the number of
A+ C+ pairs and the number of B+C+
pairs. The inequality can be expressed in
symbols as

n[A+B*] < n[A+C+*] + n[B+C+].

Many similar inequalities could be con-
structed with the various symbols trans-
posed or with the signs reversed. Be-
cause the directions along which the
spin components are defined were cho-
sen arbitrarily, all such formulations
are interchangeable, and I shall discuss
only this one.

he Bell inequality can be proved,

within the context of local realistic
theories, through a straightforward ar-
gument in the mathematical theory of
sets. It is convenient to begin with an
assumption contrary to fact: that some
means exist for independently measur-
ing two components of the spin of a sin-
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gle particle. Suppose this impossible in-
strument has revealed that a particular
proton has the spin components 4+ and
B-. The third component, C, has not
been measured, but it can have only one
of two values, plus or minus; hence the
measured proton must be a member of
one of two sets of protons, either the set
with spin components 4+ B C  or the
set with components 4B C . There
are no other possibilities.

If many protons with the spin compo-
nents A+ B~ are detected, one can write
an equation about their number:

MA+*B )=NA*'B C*)+NA*B C).

In order to avoid confusion the symbol
MA+ B ) has been employed to repre-
sent the number of individual protons
with the two spin components 4 and
B ; the symbol n[4+ B ] gives the num-
ber of proton pairs in which one particle
has the component 4+ and the other has
the component B . The equation states
the obvious fact that when a set of parti-
cles is divided into two subsets, the total
number of particles in the original set
must be equal to the sum of the num-
bers in the subsets.

The protons found to have the spin
components At C ~ can be analyzed ex-
actly the same way. Every such proton
must be a member either of the set
A+B+C- or of the set A+ B~ C-, and the
total number NM(A+C-) must be equal
to the sum MA+*B+C-)+ N(A+B C-).
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A further step can now be taken. If
the number of protons N(4+C-) isequal
to N(A+B+C-) + N(A+B-C-), then it
must be greater than or at least equal to
N(A+ B- C-). (The two sets will be equal
if the B components of all the particles’
spins happen to be minus, so that the
subset (4+B+C-) is empty; otherwise
N(A+C~-) will be larger. In other words,
a part of the whole cannot be greater
than the whole.) The same reasoning
can be applied once again to prove that
the number of protons with spin compo-
nents B-C+ must be equal to the sum
NA+B-C+) + N(A-B-C+*) and hence
that N(B-C+) must be greater than or
equal to N(4+*B-C+).

Consider again the first equation de-
rived above:

N(A*+*B-)=NA+B-C*)+ NA+B-C-).

It has just been demonstrated that
N(B-C+)is greater than or at least equal
to N(A+B-C+), which is the first term
on the right side of the equation. It has
also been shown that N(4+C~) is greater
than or equal to N(4+B-C-), which is
the second term on the right side of the
equation. It is therefore permissible to
make the appropriate substitutions in
the equation, changing the equals sign to
one signifying “less than or equal to.”
The result is the inequality

N(A+B-) < N(A+C-) + N(B-C+).

Although this inequality is hereby
formally derived, it cannot be tested di-
rectly by experiment because no instru-
ment can independently measure two
spin components of a single proton. The
experiments under consideration, how-
ever, are carried out not on individual
protons but on correlated pairs of them,
and there is no need to make such im-
possible measurements. Suppose one
proton in a pair is submitted to a mea-
surement of its spin component along
the A axis and is found to have the value
A+. No other measurements are carried
out on this particle, but its singlet part-
ner is tested for the component along the
B axis and the result is found to be B+.
The latter measurement, which might be
made at a distant site after the protons
have been moving apart for some time,
conveys additional information about
the state of the first proton. To be ex-
plicit, the existence of a strict negative
correlation implies that the first proton,
which is already known by direct mea-
surement to have the spin component
A+, must also have the component B-.

By this means the observation of a pair
of protons one of which has the spin
component 4+ and the other the compo-
nent B+ can be employed as a signal
indicating the existence of a single pro-
ton with the components 4+ B-. Fur-
thermore, it can be demonstrated by a
statistical argument that n[A4+B+], the

number of such doubly positive pairs,
must be proportional to N(4+B-), the
number of individual protons with the
spin components A*B-. In the same
way n[A+C+] must be proportional to
N(A+C~) and n[B+C+*] must be propor-
tional to N(B-C+). The constant of pro-
portionality in all three cases is the
same. For single protons each of which
is subjected to an imaginary double
measurement an inequality has already
been proved, showing that N(4+B~) can
be no greater than the sum of two terms:
N(A+C-) + N(B-C+). It is now possible
to replace each of these unmeasurable
quantities by the corresponding num-
bers of doubly positive proton pairs.
The resulting expression is

n[A*+B+] < n[A+C+] + n[B+C+].

This is the Bell inequality.

Of course the inequality is proved by
this argument only if the three premises
of local realistic theories are considered
valid. Indeed, it is here that the premises
have their most important application
and ultimately their most questionable
one. If the premises are granted, at least
for the sake of argument, it should be
clear that the Bell inequality must be
satisfied. Moreover, the orientation of
the axes 4, B and C has nowhere been
specified, so that the inequality should
be valid regardless of what axes are cho-
sen. The only possible violation of the
inequality would result from a statisti-
cal fluke, where many particles with the
spin components A+ and B+ happened
to appear through random coincidence.
The probability of such a coincidence
approaches zero as the number of parti-
cles tested increases.

The Bell inequality constitutes an ex-
plicit prediction of the outcome of an
experiment. The rules of quantum me-
chanics can be employed to predict the
results of the same experiment. I shall
not give the details of how the predic-
tion is derived from the mathematical
formalism of the quantum theory; it can
be stated, however, that the procedure is
completely explicit and is objective in
the sense that anyone applying the rules
correctly will get the same result. Sur-
prisingly, the predictions of quantum
mechanics differ from those of the lo-
cal realistic theories. In particular, quan-
tum mechanics predicts that for some
choices of the axes 4, B and C the Bell
inequality is violated, so that there are
more A* Bt pairs of protons than there
are A+C+ and B+C+ pairs combined.
Thus local realistic theories and quan-
tum mechanics are in direct conflict.

The conflict raises two questions.
First, what are the experimental facts of
the situation? Is the Bell inequality satis-
fied or is it violated? Whatever the out-
come of an experimental test there must
be a flaw of some kind either in the rules
of quantum mechanics or in local realis-
tic theories. The second question there-
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fore is: What premise underlying the re-
futed theory is at fault?

The thought experiment proposed in
1935 by Einstein, Podolsky and Ro-
sen called for measurements of the posi-
tion and momentum of particles. The
experiment on spin components of pro-
tons was first discussed in 1952 by Da-
vid Bohm of Birkbeck College in Lon-
don, but still in the context of a thought
experiment. It was not until 1969, after
Bell had introduced his inequality, that
real experiments exploring these ques-
tions were contemplated. The feasibility
of such experiments was discussed by
John F. Clauser of the University of
California at Berkeley, R. A. Holt of the
University of Western Ontario and Mi-
chael A. Horne and Abner Shimony of
Boston University. They found that for
a practical experiment the Bell inequali-
ty would have to be generalized some-
what, but a meaningful test of the alter-
native theories would still be possible.

The technical difficulty of the experi-
ments should not pass unmentioned. In
a thought experiment both protons of
every pair always reach the instruments
and the instruments themselves always
yield an unambiguous measurement of
the spin component along the chosen
axis. Real apparatus cannot reproduce
these results. The detectors are never
perfectly efficient: many protons are
simply not registered at all. Because of
the imperfections of the instruments the
number of protons counted in each cate-
gory cannot be interpreted directly; in-
stead an allowance must be made for the
inefficiency of the detectors, which adds
to the uncertainty of the results.

f seven experiments reported since
1971, six have not concerned mea-
surements of the spin components of
protons but have instead measured the
polarization of photons: the quanta of
electromagnetic radiation. Polarization
is the property of a photon that corre-
sponds to the spin of a material particle.
In one series of experiments atoms of
a particular element and isotope were
raised to an excited state by the absorp-
tion of laser light and then allowed to
return to their original energy level in
two steps. At each step a photon with a
characteristic energy or wavelength was
emitted. The photons moved off in op-
posite directions, and they had opposite
polarizations. In other words, if the po-
larization of both photons was mea-
sured along any single direction, a strict
negative correlation was observed.

The differences between ideal instru-
ments and real ones are quite plain in
these experiments. There is no single de-
vice that can intercept a photon and re-
port directly on its polarization. Instead
two devices are necessary, a filter and a
detector. The filter is designed to allow
the passage of those photons that have
the selected polarization and to stop or
deflect all others; the detector counts the
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number of photons that pass through
the filter. Neither of these components
is perfect, so that the failure to register
a photon does not necessarily mean that
it had the wrong polarization.
Experiments have also been done on
the polarization of gamma rays, which
are high-energy photons. The gamma
rays were created by the mutual anni-
hilation of electrons and their antipar-
ticles, positrons. Such an annihilation
gives rise to two gamma rays, which are
emitted in opposite directions and have
opposite polarization. The experiments
are therefore formally equivalent to the

EXPERIMENT DATE {

atomic ones, but the apparatus required
is quite different. In general detectors
are more efficient for high-energy pho-
tons, but polarization filters are more
efficient for low-energy ones.

One experiment has measured the
correlations of spin components of pro-
tons and therefore closely resembles the
original thought experiment. The pairs
of protons are created by injecting pro-
tons of comparatively low energy into a
target made up partly of hydrogen at-
oms. The nucleus of a hydrogen atom
consists of a single proton. When an in-
cident proton strikes a hydrogen nucle-

PARTICLES STUDIED RESULTS

Stuart J. Freedman and John F. Clauser, ‘
University of California at Berkeley

R. A. Holt and F. M. Pipkin, [
Harvard University

|
| John F. Clauser,

| University of California at Berkeley
|

1976

Low-energy photons emitted In agreement with
during transitions in

calcium atoms.

In agreement with
Bell inequality.

Low-energy photons emitted
during transitions
in atoms of mercury 198.

Low-energy photons emitted In agreement with
during transitions in atoms

of mercury 202

quantum mechanics.

quantum mechanics

Edward S. Fry and Randall C. Thompson, |
Texas A. & M. University

1976

Low-energy photons emitted |  In agreement with
during transitions in atoms

of mercury 200.

quantum mechanics.

G. Faraci, S. Gutkowski, S. Notarrigo [
and A. R. Pennisi,
University of Catania

In agreement with
Bell inequality.

High-energy photons (gamma
rays) from annihilation
of electrons and positrons.

REAL TESTS OF THE BELL INEQUALITY have been carried out by seven groups of in-
vestigators. Only one of the experiments measured the spin components of protons; the others

studied the polarization of photons, or quan
ments pairs of low-energy photons with oppo:

ta of electromagnetic radiation. In four experi-
site polarization were emitted by atoms that had

been raised to an excited state. Pairs of oppositely polarized gamma rays, or high-energy pho-
tons, were created in two other experiments by the mutual annihilation of electrons and their

antiparticles, positrons. In the remaining expe

riment protons from a particle accelerator struck

a target made up partly of hydrogen; the accelerated protons and the hydrogen nuclei formed
pairs in the singlet state. Five of the experiments gave results in violation of the Bell inequality
and in agreement with quantum mechanics. That the Bell inequality is violated is now generally

accepted. The cause of the discrepancy in the
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results of the other two experiments is uncertain.

1974
L. Kasday, J. Ullman and C. S. Wu, High-energy photons (gamma In agreement with
Columbia University | rays) from annihilation of quantum mechanics.
| electrons and positrons.
1975 |
M. Lamehi-Rachti and W. Mittig, | Pairs of protons in the In agreement with
Saclay Nuclear Research Center singlet state. quantum mechanics.
1976



us, the two protons interact briefly and
enter the singlet state. Both then leave
the target, sharing the momentum of the
incident proton, but if they are undis-
turbed, they remain in the singlet state.
Preliminary measurements of the same
spin component on both protons give
opposite results.

The instruments for an experiment
with proton pairs again consist of filters
and detectors. In the one experiment
that has been completed the filter was a
carbon foil, which scattered each proton
into one of two detectors depending on
the value of the measured component.

Regardless of what particles are being
studied, the experiment consists of three
series of double measurements. Three
axes, 4, Band C, are selected; in general
the angles between them are set to the
values where the maximum discrepancy
between quantum mechanics and local
realistic theories is expected. One filter is
then set to admit particles with the po-
larization or spin component 4+ and the
other is set to pass particles with the
component B+. After a large enough
sample of particles has been recorded in
this configuration the filters are rotated
to measure the components along axes

A and C and further data are recorded.
Finally the filters are reoriented again to
axes B and C. The coincidences record-
ed ineach configuration are counted and
corrections are made for the inefficiency
of the apparatus. It is then a matter of
simple addition to compare the results
with the Bell inequality.

Of the seven completed experiments
five endorse the predictions of quantum
mechanics, that is, they indicate a vio-
lation of the Bell inequality for some
choices of the axes 4, Band C. The other
two give correlations no greater than
those allowed by the Bell inequality and
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therefore support local realistic theo-
ries. The score is thus five to two in fa-
vor of quantum mechanics. Actually the
support for quantum mechanics is much
stronger than this ratio would seem to
imply. One reason for attributing great-
er credibility to the five experiments that
violate the Bell inequality is that they
represent a larger sample of data and
are therefore statistically more signifi-
cant. Some of those experiments were
done after the two anomalous results
were reported and included refinements
in the instrumentation designed explicit-
ly to avoid any biases that might ac-
count for the two discrepant results.
Clauser and Shimony have pointed out
that there is also an epistemological jus-
tification for disregarding the two exper-
iments that are in disagreement with the
majority. Quantum mechanics predicts
a larger correlation between events and
local realistic theories predict a smaller

one. A great variety of systematic flaws
in the design of an experiment could de-
stroy the evidence of a real correlation,
yielding results within the limit set by
the Bell inequality. On the other hand, it
is hard to imagine an experimental error
that could create a false correlation in
five independent experiments. What is
more, the results of those experiments
not only violate the Bell inequality but
also violate it precisely as quantum me-
chanics predicts. For the results of the
five experiments to be produced by ran-
dom coincidence would require an ex-
traordinary statistical fluke that is not
credible given the number of particles
that have now been detected.

Further tests of the Bell inequality are
under consideration, and at least one ad-
ditional experiment is already in prepa-
ration. Most physicists concerned with
these problems, however, have substan-
tial confidence, based on the five consis-
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RESULTS OF AN EXPERIMENTAL TEST of the Bell inequality show that it is clearly vio-
lated. The experiment is the one that employed pairs of protons in the singlet state, which was
carried out by M. Lamehi-Rachti and W. Mittig of the Saclay Nuclear Research Center in
France. The negative correlation between the values of different spin components is given as a
function of the angle between the settings of the two analyzers. A correlation of —1 would indi-
cate that the components invariably had opposite values. The Bell inequality states that the cor-
relation at any angle must be on or above the colored line. The observed correlations at 30, 45
and 60 degrees are below the line. The results not only violate the Bell inequality but also are in
good agreement with the predictions of quantum mechanics, which fact adds to their credibili-
ty. The violation of the Bell inequality implies that at least one of the three premises of local
realistic theories must be false; Einstein separability is considered the most plausible candidate.
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tent results, that the issue has already
been decided. For some choices of the
axes 4, B and C the Bell inequality is
violated in nature, and local realistic
theories are therefore false.

f it can be considered as having been
demonstrated that local realistic the-
ories are in error, which of the three
premises underlying those theories is
to blame? A first step in answering this
question should be to make sure no ad-
ditional assumptions were made in for-
mulating the experimental test.

As it happens, at least one subsidiary
assumption was needed. Because of the
limitations of practical instruments, it
was necessary to generalize the Bell ine-
quality slightly, and that generalization
must be assumed to be valid; it cannot
be proved. It seems most unlikely, how-
ever, that this circumstance could alter
the phenomena in such a way that the
results of the experiments not only
would violate the Bell inequality but
also would be consistent with the predic-
tions of quantum mechanics. In any case
it is possible more refined experiments
will test the inequality without the gen-
eralization. Because the subsidiary as-
sumption is susceptible to an experi-
mental test it seems less fundamental
than the other three, and so it will not be
considered further here.

Another area that might be scruti-
nized for unacknowledged assumptions
is the proof of the Bell inequality. In-
deed, it seems the proof does depend on
the assumed validity of ordinary, two-
valued logic, where a proposition must
be either true or false and a spin compo-
nent must be either plus or minus. Some
interpretations of quantum mechanics
have introduced the idea of a many-
valued logic, but those proposals have
nothing to do with the reasoning applied
in this proof. Indeed, in the context of
the proof it is difficult even to conceive
of an alternative to two-valued logic.
Unless such a system is formulated it
seems best to pass over the problem.

The entire series of experiments
founded on the ideas of Einstein, Podol-
sky and Rosen is sometimes regarded as
merely a test of hidden-parameter theo-
ries. The experiments do indeed test
those theories, but it should be empha-
sized that the existence of hidden pa-
rameters is not an additional premise of
local realistic theories. On the contrary,
the existence of parameters specifying
the deterministic properties of a particle
was derived from the three original as-
sumptions. Remember that the psychol-
ogist did not assume that his invented
test measured any real attribute of the
tested subjects; instead he deduced the
existence of such an attribute after ob-
serving a strict correlation. In the same
way the existence of hidden parameters
was derived from the negative correla-
tion detected when a single spin compo-
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nent was measured on pairs of protons
in the singlet state.

It is probably not possible to prove
rigorously that no other supplemen-
tary assumptions enter into the argu-
ment supporting the local realistic the-
ories. The chain of reasoning is simple
enough, however, that if other assump-
tions are implicit in it, they should be
easily recognized. None has yet been
pointed out. It therefore seems that at-
tention must be focused on the three
premises of realism, the free use of in-
duction and Einstein separability.

Of the three premises realism is the
most fundamental. Realism can be stat-
ed formally as the belief that a mere
description of data is not all that should
be required of a theory. Even an empiri-
cal rule for predicting the patterns of
future measurements is not enough. The
mind demands something more: not
necessarily determinism—there is noth-
ing intrinsically irrational about ran-
domness—but at least objective expla-
nations of observed regularities, or in
other words causes. Underlying this de-
mand is the intuitive notion that the
world outside the self is real and has at
least some properties that exist indepen-
dently of human consciousness.

A number of philosophers, who can
collectively be called positivists, have
rejected the realistic viewpoint. The po-
sitivists do not assert that the world ex-
ternal to the mind does not exist; they
merely dismiss as meaningless any state-
ment about an external reality that does
not refer directly to sensory impres-
sions. In the 20th century some radi-

DETECTORS

S
2

OPTICAL SWITCH V

POLARIZATION ANALYZERS

cal positivists have had an appreciable,
if indirect, influence on the thinking of
theoretical physicists.

The sense of paradox induced by the
finding that the Bell inequality is violat-
ed can certainly be alleviated by adopt-
ing a positivist attitude, and such a
course of action was first proposed long
ago. When all the consequences of aban-
doning realism are considered, however,
it is too great a renunciation to have
much appeal. In the context of this ex-
periment positivism asserts that it would
be meaningless to attribute anything re-
sembling a definite spin component to a
particle before the component is mea-
sured; that the only quantity with any
verifiable reality is the observation it-
self, the sensory impression; and that the
psychologist’s demand for an objective
explanation of the remarkable correla-
tion he observes should ultimately be
rejected. If this refusal to seek underly-
ing causes of observed regularities is ap-
plied consistently, it trivializes the entire
scientific enterprise. Science is reduced
to a set of recipes for predicting future
observations from a knowledge of past
ones. Any notion of science as ‘“the
study of nature” is impossible; nature is
a phantom. One can imagine a physics
grounded on positivist principles that
would predict all possible correlations
of events and still leave the world total-
ly incomprehensible. Given the extreme
consequences of abolishing realism, one
is inclined to cling to this first premise.

Realism enters the argument support-
ing local realistic theories at another
point: it is the justification for postulat-
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ing the free use of induction. It is in-
duction that enabled the physicist to
extrapolate from a series of observed
negative correlations to the conclusion
that any two protons in the singlet state
have opposite values of any single spin
component, even if none of the compo-
nents is measured. The extrapolation
was an essential step in the proof of the
Bell inequality, but it is clearly insup-
portable if the concept of unmeasured
properties has no meaning.

This use of induction might be regard-
ed by some as a weak link in the chain of
argument. Shortly after the paper by
Einstein, Podolsky and Rosen appeared,
Niels Bohr published areply in whichhe
defended the completeness of the quan-
tum-mechanical description of nature;
the basis of his criticism was that Ein-
stein’s use of induction was unwarrant-
ed. Bohr’s reply is a central document
in what has come to be known as the
Copenhagen interpretation of quantum
mechanics. His reasoning amounts to an
argument that a particle and an instru-
ment adjusted to make a specific mea-
surement on it constitute in some re-
spects a single system, which would be
altered in an essential way if the setting
of the instrument were changed. For this
reason it is not allowable to make any
inferences about the state of a particle
without specifying at the same time the
settings of the instruments that will in-
teract with the particle.

Bohr’s views have been widely influ-
ential, and in a sense rightly so; after all,
the recent work under discussion here
has shown that in these matters he was
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EINSTEIN SEPARABILITY will be tested rigorously in an experi-
ment now being prepared by Alain Aspect of the Optics Institute of
the University of Paris. Earlier experiments tested only the less re-
strictive separability principle: the settings of the analyzers were de-
termined well in advance, so that some influence of one measurement
could be communicated (by an unknown mechanism) to the other

t at a speed well below the velocity of light. This possi-
ble explanation of the observed correlation is extremely unlikely, but
it would be excluded entirely if the settings of the analyzers were
changed so quickly that a signal moving no faster than light could

not pass from one detector to the other in time to influence the result
of the second measurement. In Aspect’s experiment, which will mea-
sure the polarization of low-energy photons, this condition will be
met. Two sets of analyzers and detectors will be provided for each
photon, and the analyzers will measure different components. A fast
optical switch will determine which analyzer the photon enters only
when it is too late for the d to infl the other t
(assuming that the hypothetical influence propagates no faster than
light). The switch is shown as a moving mirror; actually the switching
will be accomplished by ultrasonic waves on the surface of a crystal.
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Scientific American
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closer to the truth than Einstein was.
Nevertheless, when Bohr’s ideas are
considered in their essence, they are sub-
ject to objections much like those that
were raised against a retreat to positiv-
ism. Because realism provides the ulti-
mate rationale for the free use of induc-
tion, it can be argued that Bohr wasnot a
realist, or at least not a consistent one.
Any explanation of the distant-correla-
tion experiments that relies on Bohr’s
reply to Einstein, Podolsky and Rosen
may turn out to be inconsistent with
even a moderate version of realism.

f realism and the free use of induction

are to be retained, the violation of the
Bell inequality can be explained only by
giving up the assumption of Einstein
separability. In the psychological exper-
iment separability was understood to
imply that the husbands and the wives,
once they were separated, could not
communicate with each other. In the
physics experiment the separability as-
sumption expressed the intuitively rea-
sonable idea that the spin components
of one proton have no influence over
those of the other proton, provided the
two particles are far apart. The more
restrictive assumption of Einstein sepa-
rability forbids such an influence only if
it would have to propagate with a speed
greater thanthe speed of light. As I have
shown, this assumption must now be re-
garded as highly questionable.

Before considering the consequences
of this conclusion it should be pointed
out that none of the experiments com-
pleted so far has rigorously tested the
assumption of Einstein separability. In
those experiments the settings of the in-
struments were determined well in ad-
vance (on the time scale of particle phys-
ics). Therefore the setting of one instru-
ment could conceivably affect events
observed at the other instrument, or it
could modify hidden parameters at the
source of the proton pairs; in either case
there would be no need for the influence
to travel faster than light. An experi-
ment with instruments whose setting can
be changed rapidly could exclude this
possibility. The decision to measure a
certain spin component with one detec-
tor would not be made until it was too
late for any influence of that decision to
reach theotherinstrumentor the source,
even at the speed of light, in time to alter
the outcome of the second measure-
ment. Such an experiment is now being
done by Alain Aspect of the Optics In-
stitute of the University of Paris.

Quite apart from the question of how
fast a hypothetical influence could trav-
el from one instrument to another, the
influence itself seems extremely implau-
sible. It would be required to alter the
distant observations in precisely the
manner needed to produce the observed
violation of the Bell inequality. Hence it
seems best to search for some other ex-
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planation and to assume, pending the
results of Aspect’s experiment, that if
ordinary separability is violated, Ein-
stein separability will be violated too.

I have discussed a pair of protons as
if they were independent entities that
come together in the target and then
move apart again. They can also be re-
garded as the elements of a single physi-
cal system that is created during the first
interaction and becomes progressively
more extended in space until it is dis-
rupted by the first measurement. With
respect to separability these descriptions
are equivalent. In each case a violation
of Einstein separability requires instan-
taneous action at a distance, either be-
tween independent systems or within a
single extended system.

Must the principle of the finite prop-
agation of signals therefore be aban-
doned? To that question no rash answer
should be given. The principle was in-
troduced as a premise of the theory of
relativity, which cannot be made consis-
tent without it. Moreover, signals that
outrace light give rise to bizarre para-
doxes of causality in which observers in
some frames of reference find that one
event is “caused” by another that has
not yet happened. It turns out, however,
that the instantaneous influences that
seem to be at work in the distant-corre-
lation experiments do not require such a
drastic revision of accepted ideas. It
seems quite certain these influences
could not be employed to transmit any
“useful” information, such as orders or
instructions. No event that causes an-
other event can be linked to it through
this mechanism; the instantaneous influ-
ences can pass only between events that
are related by a common cause. Hence
the concept of a signal could be rede-
fined in such a way that only those
means of communication that transmit
useful information would be called sig-
nals. The principle of the finite velocity
of signals would then be preserved.

Even this solution impairs scientific
realism to some extent. The basic law
that signals cannot travel faster than
light is demoted from a property of ex-
ternal reality to a feature of mere com-
municable human experience. Although
this represents a step toward philosophi-
cal positivism, the concept of an inde-
pendent or external reality can still be
retained as a possible explanation of ob-
served regularities in experiments. It is
necessary, however, that the violation of
Einstein separability be included as a
property, albeit a well-hidden and coun-
terintuitive property, of that indepen-
dent reality. It should be noted in pass-
ing that Bohr’s refutation of Einstein’s
argument for hidden parameters intro-
duces an implicit violation of separabil-
ity. It is founded on a strange indivisi-
bility of the system of particles and the
instruments of observation.

The argument that proceeds from an



observed correlation to the Bell in-
equality to the violation of Einstein sep-
arability is not particularly complicat-
ed, but it is indirect. Could the same re-
sult have been obtained in some more
straightforward way? As it happens, it
could not have been demonstrated with-
out the Bell inequality, but it could have
been suspected, and in fact it was. The
suspicion arose from the fact that the
wave function for a system of two or
more particles is generally a nonlocal
entity, which is considered to collapse
suddenly or even instantaneously when
a measurement is made. If the wave
function is regarded as a kind of bizarre
real jelly, the instantaneous collapse ob-
viously violates FEinstein separability.
This naive argument was never taken
very seriously, however, because the
conventional interpretation of quantum
mechanics does not identify the wave
function of a system with whatever is
meant by the reality of the system. Bohr,
for example, considered the wave func-
tion a mere tool for doing calculations.
Besides, the wave function for a sys-
tem of several particles describes them
only in an approximation that ignores
the theory of relativity, and so its struc-
ture hardly seems a reliable argument
against Einstein separability. For these
reasons it was possible until a few years
ago to believe in an independent, exter-
nal reality and simultaneously to regard
Einstein separability as a completely
general law bearing on that reality.

One conceivable response to the dis-
tant-correlationexperimentsis that
their outcome is inconsequential. The
experiments themselves might represent
a rare and therefore interesting test of
quantum-mechanical phenomena ob-
served at long range, but the results are
merely what was expected. They show
that the theory is in agreement with ex-
periment and so provide no new infor-
mation. Such a reaction would be highly
superficial. It is indeed true that the ex-
periments, now that they have been
completed, have turned out to have little
to do with quantum mechanics. That
does not make them trivial; rather, it
indicates that their real bearing is else-
where. A discovery that discredits a ba-
sic assumption about the structure of
the world, an assumption long held and
seldom questioned, is anything but trivi-
al. It is a welcome illumination.

Most particles or aggregates of parti-
cles that are ordinarily regarded as sepa-
rate objects have interacted at some
time in the past with other objects. The
violation of separability seems to imply
that in some sense all these objects con-
stitute an indivisible whole. Perhaps in
such a world the concept of an indepen-
dently existing reality can retain some
meaning, but it will be an altered mean-
ing and one remote from everyday expe-
rience.
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A Neolithic and Iron Age Site
on a Hilltop in Southern England

The Celts encountered by the Romans when they invaded Britain had

built enormous fortifications on hilltops. On Crickley Hill such a fort

is superposed on enigmatic works preceding the Celts by 2,000 years

hen the Romans invaded Brit-
ain in A.D. 43, they encoun-
tered a flourishing Celtic so-

ciety. The most characteristic and im-
pressive monuments left by the Celts
are their imposing hilltop fortifications,
with an extent of as much as several
hundred acres. Most of the fortifications
are now marked only by the ruined and
grass-grown remains of defensive banks
and ditches. The earliest of these works
are currently thought to date back to
late in the second millennium B.c.; the
latest are thought to date to the end of
the first millennium B.c. Whatever the
function of the hill forts was in the
communities from which they sprang,
their construction represents such an
immense expenditure of skill, labor and
raw materials that an analysis of them
is essential to any understanding of the
structure and the cultural and economic
development of society in late prehistor-
ic Europe. The hill forts clearly imply
that in addition to the peaceful pursuits
of the time—agriculture, religious ob-
servance, manufacture and trade—there
was a substantial element of migratory
and military activity.

The remains of more than 1,000 hill
forts are known in southern England.
Nondestructive field work—contour
surveying, collecting the chance finds
thrown up by agriculture or erosion,
measuring anomalies in the soil with ge-
ophysical instruments—have yielded in-
formation about the position, size and
shape of many fortifications, but the sur-
face evidence of grass-covered mounds
is insufficient to chart the development
of the more complex sites. Archaeolo-

by P. W. Dixon

gists have therefore devoted much labor
to the excavation of hundreds of hill
forts, with varying degrees of success.

The study of hill-fort settlements has
suffered from an understandable tend-
ency for excavators to concentrate on
the upstanding ramparts, particularly
the visible entrances; there a modest
amount of work is likely to yield a sub-
stantial amount of information about
how the structure evolved. A similar
tendency has been to focus attention on
the largest and strongest sites; these are
likely to have been the most significant,
at least in the politics of the time. Even
the largest excavation, however, cannot
deal adequately with an area of 30 or
40 acres, and the unrelieved grass or
scrubland interior of many of the hill
forts in southern Britain suggests to the
prospecting archaeologist an unprofita-
ble digging terrain. As a result much is
known about the defenses of hill forts
and little about the settlements they en-
close. What was needed was a hill fort of
modest size, one whose total excavation
by hand might be achieved in the life-
time of a single director and whose re-
mains had not been damaged by farm-
ing or earlier excavations. In 1968 I
found such a site in the Gloucestershire
Cotswolds, overlooking the Severn val-
ley four miles south of Cheltenham and
six miles east of Gloucester. It is named
Crickley Hill.

The steep western slope of the Cots-
wold limestone is divided by small
valleys into flat-topped, spurlike hills.
Many of the hilltops were fortified by
banks and ditches. The outermost ram-
part at Crickley Hill, 300 meters long,

AERIAL VIEW of the central region of the Iron Age settlement on Crickley Hill shows the evi-
dence of two distinct phases of occupation. The ring of excavated postholes near the center
held the supports of the largest round house of the second hill fort. The postholes of the rectan-
gular houses of the earlier hill fort are also visible. Parallel piles of turf at the top of excavat-
ed area mark the entrance of both forts. At the lower right some of the volunteer diggers rest.
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cuts off a triangular area of about seven
acres. Here in the summer of each year
since 1969 volunteer diggers and super-
visors working under my direction have
excavated nearly half of the hilltop. Our
efforts have unearthed signs of prehis-
toric activity of unexpected complexity
and duration. We have discovered that
Crickley Hill was the site not only of
two successive Celtic Iron Age hill forts
but also of two pre-Celtic Neolithic en-
closures.

he top of Crickley Hill is not com-

pletely flat; at the center of the fort
stands a small knoll that aerial photo-
graphs showed was enclosed by an erod-
ed bank and ditch. In this area we found
five successive phases of Neolithic occu-
pation. The remains of the earliest and
smallest structure were on the highest
part of the knoll. There a series of small
pits formed a roughly oval ring about
eight meters long. The spoil from the
pits had been piled into a mound in the
center; the gaps between the pits had
been cleared of grass and topsoil, leav-
ing the bedrock exposed. Why this was
done is not known, but the finished work
must have resembled a tiny burial bar-
row. Later most of the mound was re-
moved and the pits were filled with clean
material; our own excavations emptied
them of nearly 10 tons of stones and
carth (but uncovered only one small
piece of bone). This structure had been
buried under the bank of the first Neo-
lithic enclosure, a double line of ditches
cutting across the triangular spur of the
flat-topped hill.

In southern England about 50 Ne-
olithic enclosures are known from ex-
cavations or are suspected from aer-
ial photographs. Called ‘“causewayed
camps” because their encircling ditch-
es are crossed by numerous causeways,
they generally consist of two or more
concentric rings. When they were first
discovered early in this century, they
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were thought to be the defenses of set-
tlements and were also known as Neo-
lithic towns. Excavations in the 1930’s

at Windmill Hill in Wiltshire raised
doubts, because no remains of buildings
were found inside the enclosure. Al-
S E I I OVERTHE though the weathering of the chalk bed-
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rock might have removed all traces of
the buildings, most archaeologists came
to accept the view that the enclosures
were not defensive for that reason and
two others: (1) the enclosures seemed to
have numerous entrances (offering rela-
tively easy access to attackers) and (2)

the Neolithic builders often ignored the amination of animal bones excavated at
best defensive site in favor of one that some of the sites has shown a prepon-
was not as strong. derance of the bones of young cattle but
Accordingly it became the general not those of calves one would expect to
view that the “camps” were probably find from a program of winter slaugh-
tering. Some ceremonial killing is now

livestock enclosures, perhaps serving
for roundups at the end of summer. Ex- considered likely. Burials of articulated
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longing to the first hill fort, such as the postholes of its distinctive rec-

sageways. The enclosure was soon destroyed, and Crickley Hill was
deserted until new settlers built the first of the two hill forts in about tangular h s black designates structures of the second hill fort,
built only a few years after the first. The large round house near the

the sixth century B.C. The new fortification was 300 meters long and

entrance partly overlapped the earlier fort’s postholes. In spite of the

cut off an area of seven acres. Most of the settlement lay to the right
of the Neolithic “causewayed camp.” Color designates features be- substantial new defenses the second settlement was also destroyed.
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animal skulls and feet in distinct posi-
tions in the ditches indicate that the en-
closures were the spiritual centers of the
tribal communities that built them. Re-
cently at Hambledon Hill in Dorsetshire
excavators discovered human skulls set
in identical positions at regular intervals
on the bottom of the encircling ditch,
which suggests to the excavator that
the enclosure was a great necropolis for
neighboring settlements. As more work
is done the problem becomes more com-
plex, and current opinion is inclined to
regard the causewayed camps as serving
a variety of practical and ritual func-
tions, some of them being multipurpose
and others specialized. Indeed, the var-
ious causewayed camps may have in
common only the interruption of their
ditches by causeways.

he significance of the causeways has

in the past perhaps been exaggerated
because the ditches have supplied the
main body of evidence; erosion and
plow damage have in most cases re-
moved the accompanying banks and
levels of human occupation. At Crick-
ley Hill the banks are relatively well pre-
served and give a more detailed picture
of how the enclosure was built. The two
lines of ditches are crossed by 18 cause-
ways, but 14 lacked corresponding gaps
in the bank behind them and never gave
access to the enclosure. The number of
entrances is still large for a defensive
fortification: four in 140 meters, with
the original number likely to have been
at least six in 260 meters. Postholes in
the entrance passageways show, how-
ever, that all the entrances were closed
by secure gates. The central gate of the
inner ring is evidence of careful plan-
ning; after the ditch there had been dug
about 30 centimeters deep work on it
was stopped and a length of it was filled
in to make an entrance causeway topped
with a road surface. Dirt and debris
from subsequent occupation covered
the road and accumulated in the bottom
of the ditch. The fact that the opening of
the central gate matches one in the out-
er ditch indicates that outer and inner
ditches were part of the same plan and
that the plan was changed, by design or
inadvertence, during the construction of
the enclosure.

Excavations at the top of the knoll at
the center of the Crickley Hill enclosure
have uncovered hundreds of filled pre-
historic postholes, gullies and small pits.
Broad distinctions can be made between
Iron Age and Neolithic features, but it
is much harder to distinguish the vari-

ous phases of Neolithic occupation. Ac-
cording to studies of the pottery asso-
ciated with the Neolithic levels, all the
Neolithic phases shared a culture so
similar that separation of the cultural
materials into periods would be unreli-
able. No carbon-14 dates for these early
phases are yet available, but the pottery
suggests a span for the Neolithic enclo-
sures of between about 3500 and 2500
B.C. So far we can be sure only that there
was substantial Neolithic occupation of
the hilltop and that the inhabitants made
tools out of flint, which since it is not
found in the immediate area must have
been imported from a distance of at
least 30 miles. Analysis of thin sections
of the pottery and the microfauna of the
pits and postholes may in due course
help to distinguish the various phases.

After a period of use the enclosure
was apparently abandoned, but not be-
fore 'the banks were thrown back into
the ditches and the inflammable materi-
al in the rubble was thoroughly burned.
The sequence suggests a ritual, since one
would expect an abandoned structure to
be left to decay on its own. Our sections
cut through the filled-in ditches show
that in the next phase of occupation all
the ditches were partially emptied, pre-
sumably in order to re-create the banks
along them. In the same phase dry-stone
walls about a meter high were built
along the outer edge of the ditches. At
the southern entrance to the old enclo-
sure the walls turned inward to flank a
new entry road, slightly offset from the
preceding one, giving the impression of
restoration and continuity. This enclo-
sure too was later dismantled and its
ditches were refilled, but in some areas
the ditches seem to have been partially
emptied once again before the entire
complex was abandoned.

This odd succession of events preced-
ed a still odder development in the next
(and last) Neolithic phase. A much larg-
er ditch was dug immediately outside
and parallel to the main inner ditch of
the earlier causewayed ditches. Unlike
the earlier ditches, the new one was in-
terrupted by only two entrance cause-
ways. In this respect it resembled the
defensive ditch of a hill fort. Its bank
also had a military aspect: it was faced
with a vertical stone wall and was sur-
mounted by at least one fence. Its two
long and narrow entrance passageways,
the smaller one no more than a me-
ter wide, were closed by strongly sup-
ported gates. The construction was not,
however, entirely rational: the builders
chose to dig the new ditch in solid lime-

FORTIFIED ENTRANCES enclosed at least three prehistoric settlements on Crickley Hill.
Builders of the last Neolithic causewayed camp covered its banks with stone facing and inter-
rupted the ditch with only two entrance causeways, one of which appears in the reconstruction
at the top. The ramparts of the first Iron Age hill fort are reconstructed in the middle. They con-
sisted of dry-stone walls held together by interlacing timbers and had a single entrance. Defen-
ses of the second fort, reconstructed at the bottom, were more complex than preceding fort’s.
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stone rather than emptying and enlarg-
ing the earlier ditches. Moreover, the
bank of the new ditch was lower than it
could have been, because it was raised
on the subsiding surface of the filled-in
old ditch.

Did the new ditch deliberately avoid
the old one? Its plan seems to have been
an overt act of piety. Near the southern
entrance the causewayed ditches bend
irregularly outward for a short distance.
The diggers of the new ditch, initially
excavating a trench about half a meter
deep, failed to notice the deviation and
broke into the side of one of the earlier
ditches, which they then refilled. They
completed their ditch to its full depth of
two meters on a new line that had a pro-
nounced wrinkle. The builders’ supersti-
tion is reflected not only by the layout of
the enclosure but also by small pits at
the ends of the ditch, which are sealed
by large, flat stone slabs and contain the
bones of butchered cattle.

In this final Neolithic phase, if not in
the earlier ones, the bank and ditch
did enclose a settlement. From the
smaller entrance a cobbled road flanked
by a fence led to the interior. Beside the
road we found the postholes of at least

one rectangular house, and the sur-
rounding area was strewn with the de-
bris of human occupation. The total
area available for habitation was less
than two acres, much of which remains
to be excavated. The variations in the
concentration of finds so far suggest
an irregular pattern of settlement with
two dense areas, one around the central
knoll and the other just inside the banks.
Between the two areas is an industrial
zone for the manufacture of flint tools.
We do not know the size of the popula-
tion or even whether the site was oc-
cupied seasonally or permanently. The
careful elaboration of the ramparts
does, however, give the site an air of
permanence. The postholes of the rec-
tangular house were recut, indicating
that the original house was rebuilt,
probably twice, and that it was occupied
for at least a generation or two.

The end of the final Neolithic settle-
ment was sudden and violent. In the
ditch and its rampart and in both en-
trances to the enclosure we found scores
of leaf-shaped flint arrowheads, some of
them scorched from the fire that de-
stroyed the gates and the house and left
a red streak along the back of the ram-
part where a wood fence had stood.

LINES OF POSTHOLES indicate the size of a rectangular house in the first Iron Age fort. Side
walls stood two meters outside holes; width of the house was between seven and eight meters.
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These unmistakable signs of siege con-
firm evidence from Carn Brea in Corn-
wall, where great numbers of arrow-
heads have been recovered. Such arrow-
heads have been regarded as relics of
hunting, not of warfare, because archae-
ologists have long believed early Neo-
lithic society in Britain was fragmented
and peaceful. The picture that is now
emerging is one of a sedentary and strat-
ified society capable of achieving sub-
stantial communal works, a society that
both built fortified settlements and at-
tacked them. Recently excavations at
Hambledon Hill in Dorsetshire uncov-
ered in the ditch of a small Neolithic
enclosure the skeleton of a man with a
leaf arrowhead in his chest.

Deserted after the burning, the Crick-
ley Hill enclosure was left to fall into
ruin. The stratigraphy of the deposits
behind the small southern entrance indi-
cates the next event. After the rear wall
of the rampart had collapsed but before
there had been time for much humus to
collect in the area immediately behind it
a great linear mound, four meters wide
and nearly 100 meters long, was built in
the area. The mound consisted almost
entirely of topsoil that had been labori-
ously scraped from the sides of a natural
gully. When the soil was in place, the
builders laid limestone slabs intermit-
tently to form a curb on each side of the
mound. The eastern end of the struc-
ture, which overlapped the back of the
old bank, was semicircular, its margin
defined by a crescent of cobbling. In
the middle of the crescent we found a
large posthole, apparently the socket for
a marker or totem.

o signs of human burial have yet

been found in the mound, so that it
appears to have been a ceremonial site,
perhaps the focal point ¢f a procession.
The age of the mound is not known, but
it had already assumed its present erod-
ed shape when an Iron Age hut was built
on its flank. Once the long mound had
fallen into disuse the hilltop was the
scene only of grazing and hunting. The
topsoil has yielded early Bronze Age
(post-Neolithic but pre-Iron Age) flint
arrowheads and scraps of pottery but
no other signs of occupation for nearly
2,000 years. Then, in the sixth century
B.C. or shortly before, some unknown
need brought new settlers to the hill and
the first of two successive hill forts was
begun.

The new fortification was larger than
the old enclosures, and most of the set-
tlement lay outside the area of the Neo-
lithic occupation. Behind a strong ram-
part with dry-stone walls bonded togeth-
er by a complex framework of lacing
timbers we have uncovered the large
postholes of six rectangular houses, the
largest house more than 24 meters long.
The houses formed a regular pattern



along a road that continued the line
of an entrance passageway. Two more
houses of the same type were built on
the last Neolithic ditch, by then almost
silted up, where the remnant of its bank
might afford some shelter from the pre-
vailing southwest wind.

Other Iron Age houses, more scat-
tered, lay inside the Neolithic enclosure.
At least three had a hearth, and the rest
may also have had one; most of the
floors were eroded away during the final
occupation of the fort. In addition there
were at least 27 smaller structures, most
of which were built on four posts in a
square array. Some of them belonged to
the first hill fort and others to its succes-
sor; none had a hearth, and two were full
of barley when they were burned. Stor-
age pits are common in prehistoric set-
tlements in Britain built on chalk, but
none has been found in the Crickley Hill
limestone. Therefore the “four-posters”
seem to be granaries or storage huts. In
the first hill fort they were scattered in a
broad zone surrounding the main rec-
tangular buildings. Three four-posters
close to the entrance of the fort may
also have been granaries, but a defensive
purpose appears more likely: a small pit
beside the two northern huts contained
sling stones.

hatever the defensive systems of

this first fort may have been, they
clearly failed against its last attackers,
who thoroughly burned it, threw down
its walls and ignited the timber-laced
core of the bank. Before the fort was
rebuilt there was enough time for some
layers of debris to wash down from the
ruins but not enough for a weathered
soil to form. Since the formation of such
a soil takes more than months but less
than decades, it is clear that the second
fort was built soon after the destruction
of the first one. The builders radically
changed the old fort’s defenses and its
internal planning. The new entrance was
of massive stone with solid round-front-
ed bastions and an outer work with its
own gate. The ramparts, thicker than be-
fore, rose in an impressive tier. Inside
the fort a huge round house, about 15
meters in diameter, dominated the area
where the regularly aligned houses had
once stood. Because the round house
stood on a line with the entrance, the
cobbled roadway through the entrance
turned south to flank a row of small
round houses, each one about eight me-
ters in diameter. All the round houses
had a well-built hearth. As in the first
fort, the four-posters were without heat-
ing and were clustered at a slight dis-
tance from the living area.

In spite of the sophisticated defenses
of the second hill fort, it fared no better
than the first. The evidence is that it was
attacked before there was time for its
new roads to become rutted and its tim-
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bers to decay. The extent of the destruc-
tion is indicated by thick layers of char-
coal at the entrance of the fort and by
the fire-reddened walls of the bastions.
As the great round house burned, a west
wind impressed a red streak on the lime-
stone.

It is unlikely that the identity of the
attackers or the defenders of either hill
fort will ever be known. The pottery of
the second fort resembles that of the
early Iron Age of the upper Thames val-
ley in Oxfordshire, about 20 miles away.
The pottery of the first fort is harder to
identify and seems to belong to a differ-
ent tradition. These artifacts, together
with the evidence of an abrupt change
in the design of houses and ramparts,
strongly indicate that the populations of
the two phases were quite distinct from
each other. Of the two forts the earlier
one is the more notable. Indeed, its long
rectangular houses are without parallel
among the Iron Age buildings excavat-
ed in England, which otherwise have
been round houses and small square or
rectangular structures of uncertain pur-
pose. In that period the long rectangu-
lar house was common on the Europe-
an continent, but it is unnecessary to hy-
pothesize that the Crickley Hill builders
were immigrants from across the En-

VOLUNTEER DIGGERS under the author’s direction have exca-
vated nearly half of the Crickley Hill site in the past 10 years. Here
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glish Channel; a growing body of evi-
dence attests to the existence of large
rectangular houses in the Neolithic and
early Bronze Age of Britain. Further ex-
cavation elsewhere may uncover more
examples to place beside the ubiquitous
native round house.
As far as we know Crickley Hill was
never again the site of a settlement.
Nearby hilltops were fortified in the
fourth century B.c. and later, and vil-
lages clustered in the lowlands below
them, but the Crickley Hill ramparts
were left to collapse without interfer-
ence. Less than a mile away, on the slope
overlooking Crickley Hill, a woman of
the highest status was buried with her
jewelry shortly before the Roman con-
quest, but nothing of this date has been
found in our excavations. The hilltop
seems to have reverted to pasture, its
solitude continuing to the present, inter-
rupted only by a metalworker who built
his shelter in the entranceway of the last
fort. It may indeed have been his pig that
was crushed when the bastion walls fi-
nally collapsed in the second century
A.D. or later.
Ten years of digging at Crickley Hill
has yielded a remarkable series of dis-
coveries, including the clearest evidence
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in Britain of an organized and fortified
Neolithic settlement, a curious blend of
ritual and functional elements. There is
no reason, however, to suppose the site
is unique in the complexity of its occu-
pation: it is the scale of our project that
has afforded the opportunity for discov-
ery. Of the thousands of acres within the
ramparts of the hill forts of southern
England fewer than 1 percent have been
excavated so far. From such a small
sample firm conclusions ‘about settle-
ment patterns cannot be drawn. Even at
Crickley Hill, where work on about 40
percent of the interior area is now com-
plete, answers to the significant ques-
tions about the social structure, pop-
ulation and economy of the various oc-
cupations have only begun to emerge.
Coherent arguments bearing on land use
and the relations between Crickley Hill
and other centers of occupation in the
region are premature before the con-
temporaneity of Crickley Hill and the
other sites is established. Much exciting
work remains to be done. With the help
of our volunteer labor force the sum-
mers of the next 10 years may prove
as fruitful as those of the past 10 in
deciphering the achievements and mo-
tives of the prehistoric settlers of Crick-
ley Hill.

they clean the earliest Neolithic surface, pockmarked by postholes. At
the top left diggers uncover a section of a causewayed-camp ditch.
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THE AMATEUR
SCIENTIST

Flames in which air 1s introduced into

a flammable gas rather than vice versa

by Jearl Walker

of natural gas burning in air, one

might wonder what would happen
if the gas and the air were interchanged,
that is, if a jet of air were introduced into
an atmosphere of natural gas. Would
one see some kind of reverse flame, with
the same shape, height, color and tem-
perature distribution as a normal flame?
These questions occurred to Stuart
Travis of Akron, Colo., who with his
investigation of a reverse flame of air
in an atmosphere of methane won sec-
ond place in the physics division of this
year’s International Science and Engi-
neering Fair. The reverse flame is simi-
lar to a normal one but displays some
surprising differences that neither Trav-
is nor I can fully explain.

The normal and reverse flames inves-
tigated by Travis are diffusion flames:
the burning requires the mutual diffu-
sion of the fuel and the oxidizer into the
flame front, the surface where the burn-
ing takes place. In the other general type
of flame, premixed flames, the fuel and
the oxidizing agent are mixed before
they reach the flame, as in a Bunsen
burner. Diffusion flames and premixed
flames can be either laminar (that is,
smoothly flowing) or turbulent, depend-
ing on the rate of flow of the participat-
ing gases. Travis limited his attention to
laminar diffusion flames. The common-
est example of this type of flame is a
candle flame, which I discussed in this
department for April, 1978.

One might think that laminar diffu-
sion flames are well understood, since
candle flames have been investigated for
a long time, but it is not so. Flames are
exceedingly difficult to understand even
in general terms, much less in detail, be-
cause of the wide variety of phenomena
occurring in them. Many chemical re-
actions take place, and many of them
are complex. Light is emitted by both
chemical and thermodynamic phenom-
ena. Gases expand as they are heated.
Heat is transferred across the surface
of the flame in several ways. The flow is
in three dimensions. Probing the flame
usually distorts it in inexplicable ways.

Iooking at the familiar sight of a flame
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Students of flames concentrate on sev-
eral key features: color, shape, tempera-
ture distribution and burning velocity.
Burning velocity is the rate at which the
flame propagates perpendicular to the
flame front. The propagation can be ei-
ther through a stationary gas or, as in a
flame on a stove, through a flame that
remains stationary while the gas flows. It
is easy to calculate the burning velocity
when the flame front is flat but more
difficult when the flame front is curved,
as it is with most burners.

Another matter of interest in the in-
vestigation of a flame is the reaction
zone, the region where the fuel and the
oxidizer meet. Part of the light from the
flame emerges from the chemical reac-
tions in this zone. In a normal diffusion
flame the reaction zone is blue, large-
ly because of the blue emissions of the
molecules excited by the chemical reac-
tions in the zone. If the rate of flow of
fuel is sufficiently low, the entire flame
may be blue. An example is the flame of
a candle with a thin wick.

With a somewhat greater flow of fuel
a yellow or white tip develops near the
top of a normal diffusion flame. As the
flow of fuel is increased further the yel-
low or white region grows, eventually
dominating the flame and relegating the
blue reaction zone first to the sides of the
flame and then finally to just the side
regions near the base. The yellow-white
tip consists of carbon particles that have
become hot enough to emit radiation
more or less continuously across the en-
tire visible spectrum.

The combustion chamber employed
by Travis for his investigation was made
out of a 500-milliliter round-bottom
flask. The flask was held upside down on
a ring stand by a clamp. Projecting up-
ward from the round surface was a tube
that had been annealed to the flask. A
similar tube projected sideways from
the neck. A stopper in the neck carried a
short length of metal tubing that served
as the burner. To make a normal diffu-
sion flame Travis supplied methane to
the burner tube and air to the side tube.
For a reverse flame he interchanged the
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supplies. A small hole in the side of the
flask gave access for a thermocouple
to probe the temperature of the flame.
Also passing through the stopper in the
neck were two electrical leads to the Ni-
chrome wire Travis employed to start
the flame inside the flask. His air and
methane came from tanks in his school
laboratory.

To light a reverse flame Travis placed
the length of Nichrome wire across the
mouth of the burner tube and then
turned on the methane. After about 15
seconds the flask was filled with meth-
ane and he could light the gas escaping
through the vent at the top of the flask.
(He needed the 15 seconds to avoid
having a mixture of a small amount
of methane and a large amount of air,
which would explode.) He adjusted the
flow of methane until the flame at the
vent was four or five inches high. After
the reverse flame was created inside the
chamber the flame at the vent burned off
the excess methane escaping from the
chamber.

The Nichrome wire was connected by
two leads to a current source, which was
then turned on enough to make the wire
glow red. Next the air tank was turned
on to supply air at a low rate (about .6
liter per minute). The flow of air had to
be low at first or the amount of oxygen
supplied by it might have caused the
flask to explode. The hot wire ignited a
flame at the mouth of the burner; this
was the reverse flame. The current on
the wire was then turned off and the
leads through the stopper were wiggled
until the wire was brought down from its
position over the mouth. The flame was
more distinguishable in the dark, so that
most of these things were done in dim
light. To extinguish the flame Travis
turned off the air first to avoid any dan-
ger of explosion.

Travis lighted the normal flame by a
similar procedure. Again he carefully
avoided lighting the flame at the top of
the flask while a small amount of meth-
ane was in a large amount of air. He
turned on the methane first to fill the
flask before he turned on the air. To turn
off the flame he first turned off the air.
When I asked him about the danger of
explosion, he replied that he had had no
problem with the reverse flame but that
with the normal flame he had occasion-
ally had an explosion that blew the stop-
per out of the flask. To guard against a
more serious accident anyone doing this
kind of experiment should wear a face
shield. Moreover, a combustion cham-
ber larger than Travis’ 500-milliliter
flask should not be used or the hazard of
explosion will be greater.

The distribution of temperature in the
flames was measured with the thermo-
couple probe slipped into the combus-
tion chamber through the small hole.
Travis got his thermocouple from the
Edmund Scientific Company (6975 Ed-



During the last 50 years,
we've been working to answer
a few simple questions.

Questions like how? and why? and what? are the
essential questions every researcher must ask. Since
1929, we've been asking— and answering—these
simple questions to help develop a wider range of
complex technologies — from jet engines to lasers,
helicopters to radar. And in the last five years, we've
been doing intensive research on one of our most
basic questions: How can we make better use of our
energy?

How does coal burn? Our coal devolatilization
project uses a specialized infrared spectrometer to
help determine the molecular structure of different
coals during thermal decomposition. Once we know
what really happens when coal burns we can process
those coals that have excessive pollutants or seek
out those which are best for liquefaction programs.

How can we look inside a flame? Coherent
Anti-Stokes Raman Spectroscopy (CARS) is one
way.We mix laser beams at different -
frequencies. Tune them to specific
molecules inside a flame or combus-
tion chamber. The beams interact
and generate a new beam at a differ-
ent frequency. By analyzing its color
spectrum we get temperature, and by
looking at its strength we measure
concentration. CARS is helping us
chart how fuel and air really mix

before and during actual
ignition. It's giving us in-
formation that will leas to
engines and fuels that run
cleaner and more effi-
ciently.

How can we put the ==
laser to work? We're just beginning to realize the
potential of the multi-kilowatt COzlaser. Our re-
searchers were the first to develop a laser that makes
the kind of fast, deep penetration weld shipbuilders
and automakers need. We've also experimented with
Layerglazing™; a process for melting and rapidly so-
lidifying material into a useful shape 1/50,000 of an
inch at a time. This technique will help improve the
properties of different kinds of metals and alloys.

For half a century, we've been in the business of
asking the questions that can help shape the future.

- That's why we’re always looking for
people who look to the future. If
you’re interested in knowing more
about the research we do, please
write United Technologies Research
Center, Silver Lane, East Hartford,
CT 06108.

It'll help give you an idea of the
kinds of questions we’ll be asking in
the next fifty years.
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scorp Building, Barrington, N.J. 08007).
He ground down the tip of the Chromel-
Alumel wire, rebrazed it and ground it
down again to make it as small as possi-
ble. Still the probe was relatively large
compared with the flame and therefore
could measure only average tempera-
tures. One must also bear in mind two
unmeasurable effects of the probe: it dis-
torts the flame, and by carrying off heat
it distorts the temperature distribution.
To record the location of the probe in
the flame Travis mounted a ruler out-
side the chamber in such a way that the
distance from the tip of the thermocou-
ple to the hole in the side of the chamber
equaled the distance from the hole to the
ruler. Hence when the tip was moved a
certain distance within the flame, the
stiff wire moved an equal distance
across the ruler, enabling him to mea-
sure the displacement in the flame.
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Travis measured the rate of flow of
gas with two relatively inexpensive flow
meters (Dwyer brand) that worked in
the range of a few liters per minute. (Lo-
cal distributors for flow meters are listed
in the yellow pages of the telephone
book.) For very low gas flows Travis
approximated the rate of flow by bub-
bling the gas through a container of wa-
ter. He estimated the average bubble
size and then counted the number of
bubbles passing through the water each
minute. A simple calculation gave him
the volume flow rate.

The spherical combustion chamber
distorted photographs of the flames, and
so Travis replaced it with a rectangular
chamber made out of ordinary plate
glass. When he lighted a flame, he had to
work fast because the heat soon cracked
the glass. More expensive glass designed
for thermal stress could have been sub-

A normal flame (left) and a reverse flame (right)
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stituted to avoid the problem. Travis
made his photographs with a 35-milli-
meter camera fitted with a 55-millimeter
lens and a one-power extender. He made
black-and-white pictures, using Kodak
Tri-X film at an aperture of /2.8 and an
exposure time of a thirtieth of a second.

To measure the burning velocity of
the flames Travis employed a technique
known as Gouy’s method, which is
based on the total surface area of the
flame front. The burning velocity is as-
sumed to be constant over the entire
flame front in spite of the front’s curva-
ture. The volume flow rate of gas from
the burner is equal to the area of the
mouth of the burner multiplied by the
velocity of the gas issuing from the
mouth (as measured by a flow meter).
Since the flame is stationary, the volume
flow rate must also equal the burning
velocity multiplied by the total surface
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area of the flame front. If the surface
area can be determined, the only un-
known is the burning velocity.

To determine the total surface area of
the flame front a photograph is made of
the flame and then the flame in the pic-
ture is divided in half along its central
vertical axis. One of the halves is split
into several sections as is shown in the
illustration on the next page. For each
such section two sides are radii from the
central axis out to the flame front and
another side is the sloping side along
the flame front. The surface area along
the circumference of the flame corre-
sponding to one of these sections is cal-
culated by multiplying pi by the aver-
age of the two radii for the section and
then multiplying by the length along the
slope. The calculation is done for each
of the sections. The total area obtained
is approximately the total surface area
of the flame front.

How accurate is the result? The calcu-

| Vent

: | \
|

4

lation can be in error for several subtle
reasons. One is that determining the po-
sition of the flame front can be difficult
if the reaction zone is thick, as it is likely
to be in flames with low burning veloci-
ties. Another source of error stems from
the difficulty of calculating the surface
area at the top of the flame, where the
flame front may be substantially curved.
A larger error may arise because the
base of the flame is often poorly defined
in a photograph. Finally, the burning ve-
locity of the flame may be distorted by
the thermal expansion of the gases when
they enter the reaction zone and are
heated.

Predicting the shape or height of a
normal diffusion flame is no easy matter
either. Both depend on a complex inter-
action of heat transfer, diffusion and the
rates of the chemical reactions. In a sim-
ple analysis the height of a diffusion
flame should be proportional to the vol-
ume flow rate and inversely proportion-

'1€i11'“

Power supply
-__for heating Nichrome wire

al to the average rate of diffusion of the
gases.

The reverse flames Travis created in
his apparatus are just as difficult to ana-
lyze as normal diffusion flames, and per-
haps even more so. They are noticeably
different from the normal flames in size,
shape and color. A reverse flame is usu-
ally rounded at the top instead of having
the conical tip of a normal flame. A nor-
mal flame with a certain volume flow
rate of methane is much higher than a
reverse flame with the same volume
flow rate for its air. The normal flame
usually has a poorly defined base,
whereas the reverse flame has a distinct
base. Moreover, its base is separated
from the mouth of the burner by a rela-
tively wide dead space.

The outstanding difference between
the two flames is in their color. A nor-
mal flame with a small flow of fuel is
blue throughout. As the flow of methane
is increased a yellow or white tip ap-

3 To methane
supply

Flow meters - |}/

The combustion chamber designed by Stuart Travis for a reverse flame
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pears at the top of the flame, and the
blue regions are reduced and shifted
downward to the base. A reverse flame
is entirely blue until a large amount of
air is forced into the flame. Then the top
turns orange.

The temperature distribution of the
two flames is slightly different. The nor-
mal flame tends to be hottest along the
side of the inner cone of darkness; the
reverse flame has somewhat hotter areas
over the inner cone. Bear in mind that
these measurements are affected by the
introduction of the thermocouple probe
into the flame and by the fact that
the thermocouple averages the temper-
atures over a region, even though the re-
gion can be a small one.

The reverse flame also has a higher
burning velocity. When Travis adjusted
anormal flame and a reverse one so that
they were the same height, the reverse
flame had about twice the burning ve-
locity of the normal one. When he ad-
justed the flames to have equal flow
rates (methane for the normal flame and
air for the reverse flame), the ratio was
about 10. In both types of flame the
burning velocity decreased (from a few
centimeters per second) as he increased
the flow rate because the area of the
flame front did not increase as much as
the flow rate.

Why does the reverse flame differ
from the normal flame? I am not sure,
because even the normal diffusion flame
is not completely understood. The re-
verse flame and the normal one are simi-
lar when the flow rates of each are low.
Then both flames are rounded at the
top and blue in the reaction zone. As
the methane flow rate for the normal
flame is increased, the yellow or white
tip quickly appears. The corresponding
orange tip of the reverse flame develops

The two radii )
to be averaged ——
for section 4

Slanted side
for section 4™

less rapidly because the flow of air must
be increased considerably to bring it out.

It is puzzling that the colors of the
tops are not the same. They should be
(as far as I know) because in both flames
the color of the top is due to the visible
emissions from incandescent particles
of carbon. Since the air supply in the
reverse flame must be relatively high to
create an orange tip, the formation of
incandescent carbon particles may also
require a relatively large supply of air.

The fact that the methane diffuses
from the outside of the reverse flame
rather than from the inside as it does
in the normal flame may be a key to
the differences between the two types.
Methane needs a fairly high tempera-
ture for decomposition. If the methane
comes from inside the flame, it enters
the very hot regions of the flame rather
quickly. The means by which it even-
tually forms solid carbon particles is
not understood, although the process is
thought to be incomplete until the gases
have risen to the top of the flame. When
methane diffuses into a reverse flame, it
enters from the cooler regions and is
gradually heated, and so the reactions
that form the particles may be different.
My speculations on these matters can be
only rough guesses, however, until more
work has been done on reverse flames.

A normal diffusion flame that is stable
will sit slightly above a burner opening
at a height where the burning velocity
matches the gas velocity. If one veloci-
ty changes significantly, the flame will
move either away from the mouth or
into it. The gas velocity decreases some-
what as the gas stream spreads from the
mouth of the burner, so that the flame
front settles at the point above the
mouth where the two velocities match.
Certain flames (such as ethylene jets)

Surface area
_ associated with
section 2

How a flame is sectioned to determine its surface area

© 1979 SCIENTIFIC AMERICAN, INC



Dahlem Workshop Reports

Dahlem Workshops derive their name from the section of the City of West Berlin where they were founded.

Four times annually top experts from the international scientific community are invited to spend a week in Berlin
in order to do hard and creative work: They discuss an interdisciplinary subject of high topicality until an authentic
and well balanced report on the state of the art can be given.

These unique reports are subsequently publicized as Dahlem Workshop Reports.

Besides taking stock of contemporary knowledge, every Dahlem Workshop is expected to review new concepts
and new experimental techniques. Here the task of the group is to recommend future directions of research, which
are both promising and urgently needed in order to fill gaps of knowledge. Again, these recommendations constitute
part of the Dahlem Workshop Reports.

Each Dahlem Workshop Report is published within six months after the end of the conference. In this way the inter-
national community of scientists can benefit from the results at the earliest possible point in time.

From the two series “Physical and Chemical Sciences Research Reports' and "'Life Sciences Research
Reports* 13 titles are available altogether. For more and detailed information please use the attached
Info-Coupon

New

Life Sciences Research Report 12
H. Gerischer, J J Katz

Light-Induced Charge Separation in Biological and Chemical Systems me
1979 553 pages. Paperback DM 75.-- $44.20 :

Weinheim - New York

Life Sciences Research Report 13
M. Shilo 5 ' lnfO-Coupon
Strategies of Microbial Life in Extreme Environments ' for Dahlem Workshop Reports

1979. 514 pages. Paperback DM 70—~ $42.40 Address
Life Siences Research Report 14 ' N - o
J. G. Nichols N

The Role of Intercellular Signals: Navigation, Encounter, Outcome ' = =
1979 309 pages. Paperback DM 44 -- $25,90 Pgase return to Verlag Chemie.
) . P.O. Box 1260/1280. D -6940 Weinhei
Life Sciences Research Report 15 For USA and Canada: e
Biomedical Pattern Recognition and Image Processing Verlag Chemie International Inc.
In preparation 175 Fifth Avenue New York. N.Y. 10010 USA.

© 1979 SCIENTIFIC AMERICAN, INC 1



may lift a good deal higher above the
burner and then stabilize for a time.
Such lifted flames are not easy to achieve
because they call for a perfect balance
between the gas velocity and the burning
velocity that is difficult for the experi-
menter to achieve.

Travis could not make his normal
flame lift off in this way but could easily
make the reverse flame do it. He turned
the methane supply off and then quickly
turned it back on. The flame lifted sever-
al centimeters above the burner mouth,
remaining there for up to four minutes. I
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am not sure why the reverse flame does
this, but I suspect that the relatively high
burning velocity may be the key.

When the methane supply in a nor-
mal flame is turned up high, the flame
becomes turbulent. The reverse flame
does not show such turbulence. When
its air supply is turned up high, the
flame moves away from the mouth of
the burner and dies.

I can find no mention of reverse
flames in the printed material on flames.
Travis may be the first person to have
investigated them. If you want to pursue
the study, much further experimenta-
tion could be done. Try hydrocarbon
gases other than methane. (Be careful
if they are toxic or highly explosive.)
Travis also experimented with propane;
you might start there. In my earlier dis-
cussion of a candle flame I described
how a simple spectroscope can serve
for observing the line emissions of the
chemical radicals CH and C; from the
reaction zones. You may want to make
similar observations on the reaction
zones of reverse flames. If the emissions
are missing, the chemistry of the reac-
tion zones in the two types of flame
would be quite different.

Several people have written to me
about the similarity between falling
trees and the falling chimneys I dis-
cussed in this department for February.
James D. Plimpton of Albuquerque,
N.M,, pointed out that a falling tree with
full foliage may float briefly just before
hitting ‘the ground because of the large
air resistance encountered by its branch-
es. A more dangerous aspect of falling
trees was described by Paul R. Burnett
of Temple Hills, Md. A tree that is to be
felled is first notched on one side and
then given a single horizontal cut on the
side opposite the notch. When the tree
begins to fall, it hinges around the inch
or so of wood remaining between the
notch and the straight cut. If the tree is
young, it may be noticeably bent by air
resistance as it falls, but a live tree will
not snap because of the high tensile
strength of the living wood. The hinge,
however, does snap, hurling the butt end
of the tree upward with considerable
force. Then that end may move in the
direction of fall of the tree, as the lower
end of a falling chimney does. If the
tree has many full branches, much en-
ergy may be stored in the branches as
they bend while striking the ground. The
branches may then suddenly push the
trunk back toward the stump with great
force. Burnett has seen stumps almost
knocked out of the ground by the im-
pact. This sudden, violent recoil is par-
ticularly dangerous for anyone who re-
mains at or even near the stump after
felling the tree.

The falling behavior of snags (dead
and partly decayed trees) is even cu-
riouser. John D. Engels of North Bend,
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Ore., has seen falling snags fracture
much the way chimneys do. Highly de-
cayed snags sometimes break in half,
and the two pieces land on opposite
sides of the stump, presenting a serious
problem for the logger trying to decide
which way to run. Engels has also seen
trees with much green foliage bend as
they fall. In some instances the tree
straightens rapidly as it nears the
ground, so that the upper half reaches
the ground before the lower half.

After reading my description (in the
same article) of how pencil points break
Gerald R. Martin of Napa, Calif., sent a
description of a strange effect chemistry
students first noticed with glass stirring
rods. If the rods are dropped, they often
break into three pieces of equal length
and a small number of chips. This
breaking pattern was dubbed the “pi
rule,” since the rods break into approx-
imately 3.1 pieces. Martin and other
mathematicians generalized the result
(as mathematicians are likely to do) to
include lengths of fresh chalk. Are there
other examples of the pi rule?

I tested the rule by dropping pieces of
chalk onto the floor after marking each
piece so that I could reconstruct the
fragments and locate the point of im-
pact. Although the rule was not obeyed
exactly, the chalk usually broke into
three sections (rarely of the same length)
with fractures similar to those in pencil
points that have been broken. My work
drew several comments from my col-
leagues at Cleveland State University.
(A professor repeatedly dropping pieces
of chalk on the floor is bound to attract
attention.) Karl Casper discovered that
if the chalk is reduced in length by a
third, it will usually break into two sec-
tions rather than three. It could be that
a full-length piece first snaps about a
third of the way along its length and
then the remaining two-thirds of a piece
snaps approximately in half when the
top section hits a moment later. You
might try high-speed photography to
find out whether my speculation is right
or whether the entire piece of chalk vi-
brates and breaks in two places simulta-
neously.

Another example of fracturing, which
seems at first to be unrelated, was sent to
me by J. G. Nandris of the University of
London. In about 2000 B.c. a huge men-
hir (an upright monolith), Le Grand
Menhir Brisé, was erected at what is
now Carnac in France. The stone was
some 70 feet high and weighed more
than 300 tons. How men with primitive
tools could fashion and then erect such a
stone is not understood. The stone stood
until about 700 years ago, when it top-
pled and broke into four pieces. The up-
per half now lies in three pieces aligned
east and west. The lower half is aligned
toward the northwest, apparently after
having fallen in a direction almost op-
posite to that taken by the upper half.

Why did the stone fall? Was it broken
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cured areas without the need for encryption. A new communication link built
by Hughes for the U.S. government connects command centers to computers in
separate buildings with hair-thin glass fibers. Alarms are triggered anytime
there is an unauthorized attempt to obtain access to the link. The new link,
which may transmit at rates as high as 100 million bits per second, is less
costly and allows considerably more system flexibility than protected wire
systems using conventional security techniques.

Improved processing technigues have created silicon solar cells that produce 15
percent more power than their predecessors in converting sunlight into electric
power for spacecraft operations. Advanced cells developed by Spectrolab, a
Hughes subsidiary, generate 20 milliwatts of power per square centimeter. The
increase in power is attributed to improving the thermal and optical properties
of the cell and to a chemical etching method that sculpts microscopic tetrahe-
drons (pyramids) on the cell's surface. The result provides a dull-surfaced
cell that abosorbs more sunlight than cells with polished surfaces.

An exotic chip that would alert a pilot when he has been detected by enemy radar
promises to open a new arena in modern electronic warfare. The unique wafer,
called an integrated optic spectrum analyzer (I0SA), would allow a pilot to
prepare for a dogfight, turn on jamming equipment, or take any other appropriate
action. The device works by having a surface acoustic wave device convert pro-
cessed radar signals into sound waves. These sound waves interact with light
from a tiny solid-state laser and cause the beam to bend toward a detector array
made of charge-coupled devices. The amount of deflection indicates the frequen-
cy of the radar signal. The I0SA, only recently made possible by breakthroughs
in diverse technologies, is being developed by Hughes for the U.S. Air Force.

Career qrowth 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 electronic systems. For immediate action, phone collect
(213) 670-1515, Ext. 5444, Or send your resume to Professional Employment,
Dept. SE, Hughes Aircraft Company, P.0. Box 90515, Los Angeles, CA 90009,

Weather satellite pictures are worth at least $172 million in annual savings to
industry and government, according to the National Oceanic and Atmospheric Ad-
ministration. Among the beneficiaries are Florida citrus growers. Imagery from
a NASA satellite is processed every half hour into a temperature map showing the
southward progress of crop-killing frost during winter nights. The data allows
growers to wait until the last moment to begin the costly heating of groves.

The satellite's "camera" is a visible-infrared spin-scan radiometer built by the
Santa Barbara Research Center, a Hughes subsidiary. This device makes pictures
using either reflected sunlight or heat radiated from land, sea, and cloud tops.

Creating a new world with electronics
Fe-me=mceccccccccc—o= “

' HUGHES |

HUGHES AIRCRAFT COMPANY
CULVER CITY,CALIFORNIA 90230
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PUT STARS IN HER EYES

with a Questar, for it is a gift that will go on giving. If she is that
rare child with a true curiosity, it will help her to discover the
nature of things all her life. It will be her own personal contact
with the universe, which she will have the excitement of seeing,
from her very first glimpse, through the finest of telescopes. Both
optically and mechanically, Questar will respond rewardingly to
her touch so that she will never know the frustration of an inferior
tool. Questar's beauty and versatility will make it a cherished
possession and an invaluable companion, whether her main in-
terest becomes the study of the sun, moon, and planets, or an
earth-oriented observing of nature close at hand. From her first-
hand investigation will come an expanding awareness and con-
tinuing enjoyment. And its easy portability will permit her to take
it with her wherever she travels.

To open to such a young mind that vast store of knowledge to
which she may one day make her own contribution, will be your
rare privilege. © Questar Corporation 1978

The Standard Questar with its beautiful star
chart is shown above; at right is the Duplex
Questar in the leather carrying case which
complements both models.

QUESTAR, THE WORLD’S FINEST, MOST VERSATILE
TELESCOPE, IS DESCRIBED IN OUR BOOKLET NOW
REVISED WITH NEW PHOTOGRAPHS IN COLOR BY
QUESTAR OWNERS, INCLUDING SPECTACULAR DEEP-
SKY VIEWS. SEND $2 FOR MAILING COSTS ON THIS
CONTINENT; BY AIR TO SOUTH AMERICA, $3.50;
EUROPE AND NORTH AFRICA, $4; ELSEWHERE, $4.50.

QUESTAR

Box 20PS, New Hope, PA 18938
204
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by lightning or pulled down by peas-
ants? Why did the two halves fall in
opposite directions? Most likely the
stone was felled by an earthquake that
snapped it at its midpoint. When the up-
per half struck the ground, it broke into
three pieces much like the chalk lengths
I dropped. The fracture surfaces on all
four pieces even appear to be similar to
the chalk fractures. The lower half of
the stone continued to ride the heaving
ground (if indeed the stone was toppled
by an earthquake) until it too was
knocked down, but it happened to fall in
a different direction from that of the up-
per half. Both the menhir and the earth-
quake that shattered it must have been
awesome.

The type of fracturing common to
pencil points, chimneys, chalk and even
the menhir is called mixed-mode frac-
turing because it involves two general
modes of fracture, as was explained to
me recently by Anthony R. Ingraffea of
Cornell University. The illustrations on
page 202 show how to cut and tear
sheets of paper to demonstrate these
modes. A fracture of the type named
Mode I occurs when the material is un-
der either pure bending stress or pure
tensile stress, neither of which will cause
the two sides of the resulting crack to
slide over each other. To demonstrate
this phenomenon cut a slit in a sheet of
paper and pull or rotate the ends as
shown in the top two illustrations on
page 202. The crack propagates in a
straight line parallel to the scissors cut.

If the two faces of a crack are made to
slide over each other without being sep-
arated, the fracture is of the type named
Mode II. Cut two sheets of paper as
shown in the bottomillustrationon page
202 and then push and pull as required.
This time the fracture propagates in a
curved manner.

The cracks that propagate across the
width of a falling chimney or a pencil
point under stress are of mixed modes:
bending (Mode I) and shearing (Mode
IT). Therefore the crack displays some of
the fracture pattern of each mode. The
direction in which the crack curves dur-
ing the latter part of the propagation is
different for chimneys and pencil points
because of the direction of shearing. For
example, if the chimney falls to the left,
a clockwise shearing makes the crack
curve downward as it travels across the
chimney. In a pencil point the direction
of shearing sends the crack curving up-
ward, away from the point.

here was an error in the illustration

of the amplifier circuit for the seis-
mograph described in this department
for July. The line from the .4-microfar-
ad capacitor to the pin labeled “2” on
the second gate should be connected to
the line between the one-kilohm resistor
and the 100-kilohm resistors.



The History and Future of Computers

and Artificial Intelligence
Books from W. H. Freeman and Company

MACHINES WHO THINK
Pamela McCorduck

Now that we have created machines who think, do we con-
tinue to treat them as our clever but obedient slaves? Do we
welcome them as equals? Do we wait, eagerly or fearfully,
for the day when they will tell us what to do?

Or do we have a choice?

With a reporter’s regard for facts and a novelist’s feeling for
drama, Pamela McCorduck traces the course of artificial
intelligence, from its mythic beginnings to its sometimes
frightening future. Drawing on her interviews with major
figures in the field, she describes the exhilarating, frustrating
course of modern research.

Machines Who Think introduces ELIZA, the computer
program that so successfully simulated the conversation of a
psychotherapist that even computer professionals found
themselves spilling their most private thoughts and feelings
to a machine. McCorduck describes ““meat machines,”
which try to duplicate the workings of the brain at a cellular
level. The book recounts the disappointing birth of a chess-
playing computer, whose first move in its first game was to
resign.

“This engrossingly thoughtful, sometimes dramatic and at
times amusing history of Al (Artificial Intelligence) is likely
to be one of the most widely read treatments of advanced
computer science to date. . . McCorduck’s story of the
attempt to build a machine able to say truthfully, ‘Cogito,
ergo sum,” is acutely sensitive to the profound issues it
poses.”” —Publishers Weekly

““An outstanding book! It is without doubt the best exposi-
tory narrative of Al. McCorduck has the facility of
synthesizing Al’s story and its current issues and disputations
into highly readable prose. She is to be commended for
untangling the great number of somewhat politicized facts
and factoids, without resorting to banal simplistics. The
publishers, W. H. Freeman and Company, are to be com-
mended for bringing to the public such a fine addition to the
lore on computers.” —Professor George Ledin, Jr., Chairman,
Department of Computer Science, University of San Francisco
1979, 375 pages, 19 illustrations

MICROELECTRONICS

A Scientific American Book

This collection of 11 articles on microelectronics was origi-
nally published in Scientific American, earning the 1978
National Magazine Award for Specialized Journalism.

By distinguished computer scientists, electrical engineers,
and microelectronics specialists, the articles explore such
areas as the basic functional elements of microelectronics,
microelectronic memories, and microprocessors, as well as
the role of microelectronics in data processing,
instrumentation and control, mass communication, anima-
tion, and art.

1977, 145 pages, 135 illustrations

COMPUTER POWER AND HUMAN REASON
From Judgment to Calculation

Joseph Weizenbaum, Massachusetts Institute of Technology

“| found the book to be a very impressive and important one.
Weizenbaum writes from a deep understanding of the
promise and limits of computer science, and he gives a very
thoughtful and illuminating appraisal of what can realis-
tically be expected, and a very cogent and telling
commentary on some widespread illusions.” —Noam Chomsky
In Computer Power and Human Reason, computer scientist
Joseph Weizenbaum presents a persuasive case for his skep-
ticism about the ultimate power of computers and the
perhaps misplaced faith and confidence we have in them.
1976, 300 pages, 13 illustrations

COMPUTERS AND INTRACTABILITY
A Guide to the Theory of NP-Completeness
Michael R. Garey and David S. Johnson

Bell Laboratories, Murray Hill, New Jersey

A readable, straightforward handbook by two authors with
extensive experience in the field, Computers and Intrac-
tability shows how to recognize NP-complete problems and
offers practical suggestions for dealing with them effec-
tively.

““Garey and Johnson’s long-awaited monograph introduces
examples and theory of NP-complete problems and con-
cludes with an extensive catalogue (100 pp.) of problems
known to be NP-complete and a comprehensive bibliog-
raphy cross-referenced to the text. An indispensable
reference for anyone who cares about algorithms.”

— American Mathematical Monthly

1979, 338 pages, 49 illustrations

Please send me the books indicated below. | enclose payment
or credit card information with order. Publisher pays postage
and handling. California residents add appropriate sales tax.

Machines Who Think Hardbound $1495
Computer Power and Human Reason
Hardbound $12.50
Softbound $6.95
Computers and Intractability
$18.50
Softbound $10.00

O Payment enclosed
Charge my O VISA/BankAmericard O MasterCharge
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Only the best go to the Olympics.

Nothing in the world of competitive sport
can match the Olympic challenge It is a chal-
lenge that demands not only the best in human
athletic achievement, but a determination that
can be summoned up to overcome seemingly
impossible obstacles. Yet with all the talent. skill
and dreams the Olympic Games focus into crystal
clarity for a brief instant, there can be only a few
who wear the gold

For Peggy Fleming and Jean-Claude Killy
the intensity of their gold-medal-winning per-
formances on the ice and the slopes passed
through them for a few moments of heart-stop-
ping action most of us never feel in a lifetime. But
the memories of the day live for them forever. In
photographs.

It is because of the vital importance of the
lasting visual record of these events that Canon
has been selected Official 35mm Camera of the
1980 Olympic Winter Games. Under conditions of
utmost severity, in a situation that decries com-

promise, Canon photographic equipment will be
expected to deliver images that comply with one
unyielding standard They must be the best
attainable

Canon's support for the 1980 Olympic
Winter Games goes far beyond the intimate sor-
cery of eye, hand and camera. It extends to every

&K
THE OFFICIAL
35MM CAMERA OF
THE 1980 OLYMPIC
< WINTER GAMES

Canon

aspect of the photographic obligations that the
Games entail. Supporting photographers whose
livelihood depends on the images they record for
posterity With professional service and repair,
systems support and supplementary or emer-
gency equipment. Standing behind our commit-
ment to being best, by offering the best
assistance money, skill and human dedication
can provide

The quality standard for all Canon photo-
graphic products is something you may not see
on the outside, but you'll come to appreciate as
the years go by It's the big difference between
Canon cameras and others that seem to offer
equivalent performance. And it's something that
simply can't be faked

It's inevitable that considering Olympian
achievement calls to mind superlative statements.
At Canon, we don't use superlatives lightly. We
take being “best” very seriously

And we'll be at Lake Placid to prove it.
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Canon USA_ inc 10 Nevada Dnve Lake Success, New York 11042 - 140 industrai Drve Eimhurst lilnos 50126

6380 Peachtres Industnal Bivd _ Norcross. Georgia 30071
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The new 1980 Honda Civic. We did it all over again.

The Honda Civic. It is the car that has in seven short years brought
Honda to the forefront as a designer and builder of fine automobiles.

More important, it is the car whose engineering achievements helped make
it the darling of a new generation of energy conscious Americans.

But, although the Civic has been an extraordinary success, history cannot
stand still. Technology cannot wait while we rest on our laurels.

So, from the wheels up, the 1980 Honda Civic has been completely
restyled. If you passed the old Civic by because of its size,

the new Civic has over thirteen percent more
interior space, adding legroom and shoulder
room. It has twenty percent more window
area for better visibility. It has improved
suspension and a longer wheelbase for a smooth-

er ride. All this without adding so much as

an inch to the overall length of the car. Remarkable!

Since we know a good thing when we
build it, the 1980 Honda Civic has vt

: EPA EST. MPG, 49 HWY.
the same simple layout that made  SSEMEStMPe, 1

our first Civic so widely admir- COMPARISON.YOUR MILE-
c 5 ¥ - AGE MAY DIFFER DE-
ed—and copied. You'll still find  pexoinG on wearier,
SPEED, AND TRIP LENGTH.
such features as front-wheel ACTUAL HWY. WILEAGE

drive, transverse-mounted en- T s

1 i 1 ARE LOWER FOR CALIE AND
gine, rack and pinion steering, ~ARELWER FOR CALY
and (on all hatchbacks)
four-wheel independent strut suspension.

s ;';it;: ¥ . With pride we introduce the 1980 Honda Civic.
" |}l Simplicity marches on

g ' EEESEIEY

We make it simple.
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