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BMW BRINGS THE THRILL OF
PERFORMANCE TO THE

INTRODUCING THE BMW 733i.

It would seem that the major-
ity of the world's auto manufac-
turers assume that by the time
one is able to afford an expensive |
luxury sedan one has somehow
lost the craving for extraordinary
performance.

Which may well explain why
so many of the world’s luxury
sedans are infinitely more stmu-
lating to sit in than to drive.

At the Bavarian Motor Works
in Munich, Germany, we reject

© 1978 BMW of North America. Inc

STUFFY WORLD OF THE VERY
EXPENSIVE LUXURY SEDAN.

this sedentary approach to the
building of automobiles.

It 1s our contention that—how-
ever luxurious the accommaoda-
tions—extraordinary performance
is the only thing that makes an ex-
pensive car worth the money.

And so while the BMW 733i
provides all the creature comforts
one would expect to find in a cost-
ly European sedan—supple leather,
AM/FM stereo cassette, full
power accessories, etc.—it also
provides a total driving experience
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so unusual, so exhilarating, it will
spoil you for any other car.
THE TACTILE SENSATION OF A

TRUE SPORTS SEDAN.

The genius of the BMW 733i
lies not in the fact that it is—by
European standards—large and
luxurious.

Indeed, the technical feat in-
volved here is that the engineers
at BMW have managed to incor
porate these qualities into a car
that performs like a BMW.

lts engine—a 3.3-liter, fuel-




injected masterpiece of evolution-
ary design—has been called by
no less than the editors of Road &
Track magazine, “...the most re-
fined in-line six in the world.”

Its four-speed transmission
(automatic is available) slips pre-

| cisely into each gear. Its accelera-
tion comes up smoothly with the
turbine-like whine peculiar to
BMW.

Its suspension system—

' Independent on all four wheels—

' with a new and patented double-

' pivot front axle—is astonishingly
quick and clean through the
corners.

Rather than reduce or distort
driver “road feel’—as do the
steering systems found in many
of today’'s passive luxury sedans
—the suspension system of the
BMW 733i is designed to pro-
vide the driver, through the steer-
ing wheel, with instant, precise

| information at all times, under all
' conditions.

THE INTERIOR, ENGINEERED
NOT DECORATED.

Inside the BMW,. where con-
ventional luxury sedans throw func-
tion to the wind, the engineers at
the Bavarian Motor Works have
achieved what the editors of Motor
Trend magazine describe as “...a
study in ergonomic excellence.”

There is virtually nothing in the
BMW 733i that does not in some
way contribute to comfort, con-
venience, security and efficiency.

Careful study has been made
of the critical interrelation be-
tween seat location, visual posi-
tion, steering wheel angle, pedals
and controls.

Instruments are clearly visible;
controls readily accessible.

All seats have an orthopedi-
cally molded shape. Individual
seats are adjustable forward and
back—with variable-angle seat
back and cushion supports.

The steering wheel is tele-
scopically adjustable to compen-

| sate for variations in arm length.

Pedal direction and pedal
pressure have been carefully bal-
anced to reduce fatigue and
facilitate effortless gear changing.

So successful is this integra-
tion of man and machine that when
you drive the BMW 733i for the
first time, you will experience an al-
most total oneness with the car.

As the editors of Motor Trend
magazine once observed, “The
reaction to a BMW is always the
same. The first time driver takes
the wheel and after a few minutes
no other automobile will ever be
the same again.”

If the thought of owning such
a car intrigues you, call us any-
time, tol-free, at 800-243-6000
(Conn. 1-800-882-6500)
and we'll arrange a
thorough test drive for
'you at your nearest
BMW dealer.

THE ULTIMATE DRIVING MACHINE.

Bavarian Motor Works, Munich, Germany.
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RCA SUGGESTS:

7 intelligent
questions

to ask when
comparin
video cassette

recorders.

If you've decided on getting a video cassette
recorder, your next decision is which one to get.
After all, there are differences. These questions
will help you find them. Which ought to make
your decision a lot easier.

What'’s the maximum time on a single cassette?
Notice we said ““on asinglecassette!’ Youdon't
want to be changing tapesin the middle of things.
Check the controls on an RCA SelectaVision
Video Cassette Recorder and you’ll see that you
can record for two hours or even four hours on a
single cassette. Compared to the Beta-system

recorders, SelectaVision gives you more flexibility
and more time—you can’t buy more than four
hours on one cassette.

How much time do | get with the timer?

Some recorders offer a timer which attaches
to the top of the machine. Many of these can only
be set to start the recorder up to 19 hours in
advance. SelectaVision, on the other hand, has an
electronic digital timer that's built in. It makes
for a very handsome design. What's more, you
can set the SelectaVision timer to record up to
24 hours in advance.
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Where is the pause control?

If the answer to your question is “third
button from the left] you've got a problem. When
you want to eliminate an unwanted segment
while recording, you have to jump up and run
over to the machine. And, if you want to put
the playback on “hold” while you get another
bag of chips, you'll have to stop at the recorder
on your way to the kitchen. Here's a better way:
SelectaVision's remote pause control. You can use
it from your chair—up to twenty feet away. Now
isn't that more sensible?

What are my options?

Make sure you
take a good look at
optional equipment.
There are some really
exciting things here.
SelectaVision, for in-
stance, offers a black-and-
white camera so you can
make your own television
productions. You simply aim,
pull the trigger and you're recording.
A built-in microphone handles the sound.
And you can see what you're getting on the
screen while you get it.

Another SelectaVision option: a separate
mike lets you do your own audio track. You can
even plug into your hi-fi.

Is the recorder direct drive or belt driven?

Here's where video recording is a lot like
audio recording. To maintain a steady picture,
the speed of the head wheel and tape must be
precisely maintained. A tolerance of five tenths
of one percent for audio recorders is considered
excellent. But a variation of more than five
hundredths of one percent in a video cassette
recorder will cause distortion in the color pic-

Caution: The unauthorized record-
ing of television programs and other

" materials may infringe the rights of
others.

ture. Belts can loosen and wear out—affecting
head wheel speed. But SelectaVision'sdirect-drive
system is designed to provide precise control now
and for years to come.

How’s the color?

‘Remember, a video cassette recorder is like a
TV set without a screen. It receives its own signal.
SelectaVision is made with special circuitry that
automatically compensates for changing signal
strength.

What about service?
Let's face it. A video cassette recorder is a
precision piece of equipment. And if
something isn't operating
precisely, you'll want to know
that help is nearby. So

you ought to know that

SelectaVision has

the largest network

of factory-authorized
service centers—
over eight hundred —
in the country.

Now that you have
the right questions to ask,
shopping for a video cassette recorder ought to be
a lot simpler. You might even want to take this
ad along. And if you still have a few questions,
write to us: Mr. William E Gillis, Merchandising
Manager, RCA Consumer Electronics, Dept. SA,
600 N. Sherman Dr., Indianapolis, Ind. 46201.

The way we see it, the more you know
about video cassette recorders, the more you're
going to like SelectaVision.

Let RCA turn your television into

SelectaVision:

© 1978 SCIENTIFIC AMERICAN, INC



Myth:

It takes a lot of fuel to move a heavy load.

Fact:

L On today's railroads,
one gallon of fuel

moves a ton of freight
280 miles.

Most automobiles made in Detroit can go
about 100 miles to the gallon—if they move
by railroad. The same goes for most other
goods that move by rail. Today, railroads use
less than one-third as much fuel as trucks,
on the average, to move big loads.

And railroads are working to save even
more fuel in the future—with entire trains of
grain or coal that require less energy than
either barges or pipelines, with new space-
age technology, with improved operating
practices.

Piggybacking—the movement of truck
trailers and containers on railroad flatcars—
is the fastest growing part of the railroad
business. It not only saves fuel, it reduces
traffic congestion and improves highway
safety by taking more than 2 million truck-
loads off the roads each year.

The Department of Transportation ex-
pects the nation's freight load to double by
the year 2000 and the railroads’ share to
grow even faster. One important reason for
this is that the existing rail system already
has the capacity to handle many more
trains. Another is the railroads’ proven fuel
efficiency.

Last year the railroads spent a record $9
billion for track and equipment improve-
ments that will allow them to handle more
freight with greater efficiency than ever be-
fore—saving both fuel and money.

Association of American Railroads, Amer-
ican Railroads Building, Washington, D.C.
20036.

Surprise:
We've been working
on the railroad.




The painting on the cover shows a male sage grouse displaying on its breeding
ground in Wyoming early in the spring. The male has reached the stage in a
repetitive three-second display called the strut when its inflated esophageal
sac, located beneath the two prominent bulges of bare skin, is about to be con-
tracted with a popping sound much like the sound produced by pulling a cork
out of a bottle. When the male sage grouse is strutting in the presence of pro-
spective mates, it may display more than 30 times during six minutes (see “The
Lek Mating System of the Sage Grouse,” by R. Haven Wiley, Jr., page 114).
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What you should know about diesels.
From the people who'’ve
been making them 50 years.

Less is more. Youre seeing a lot
more diesel cars on the road. Partly
because they give you a lot less things
to worry about. No spark plugs, points
® or condensers to replace. And no dis-
tributor, coil or resistors. If these parts
aren’t there, they can’t break down.
Furthermore, there’s no carburetor to adjust. So you'll never need a tune-up. You won’t need
many fill-ups, either.

., efficiently. Especially in stop-and-
¥/ gocity driving. If you have to idle
- in a traffic jam, the diesel engine

burns only about one-fourth the

An engine with ingenuity. ;| 7%
The diesel not only runs on less 5 .
parts. It runs on less money. Be-
cause it doesn’t run on gas. Die-
sel fuel nationally averages about
10¢ less a gallon than lead-free gas*

The more driving you do, the more {-58:0/" YEEEEF7J age in the city than most cars
saving you do. And you’ll fill up less ===+ &'\ get on the highway. It’s the com-
often. Because a diesel burns fuel more . \9® | ing thing for going places. We knew
*Federal Energy Review Jan., 1978. Local prices may vary. ,;___,,,f‘ that over a million diesels ago.

How we made our first million. Diesel cars are not only new to you. They’re new to
many carmakers. But not to Peugeot. We’ve been producing automotive diesels since 1928.
Since then, we’ve made over a million light diesel engines. We've made them strong —much
stronger than any comparable gas engine. We've made them from the ground up — not by
converting gas engines. We’ve made them durable —to match the rest of our car. We’ve made
them carefully — with every critical part inspected and tested more than any car made in
America. And we’ve made them to give you better mileage than any other luxury car you can
buy! This is the kind of experience built into a Peugeot diesel. It’s a tough act for other
automakers to follow. We're not the only ones who think so.

1978 EPA Estimate mileage. 34 mpg highway, 28 mpg city, 30 combined. Transmission M-4. Actual mileage depends on how and
where you drive, optional equipment, car maintenance and other variables.
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Listen to the experts. “The concept of a lifetime car is a great one, and ifany car
should be on top of the short list of those cars, the Peugeot 504 diesel is it.”

—Road Test
. ..your Peugeot 504D can be hammered down even so awful a road as Manhattan’s
infamous FDR Drive while retaining precise control.” —Car and Driver

“The competition for diesel sales should become increasingly fierce, but Peugeot will
undoubtedly maintain a strong position, thanks to its pioneering position and the
quality of its product.” —Road and Track

This year some automakers are introducing their first diesel. This year is
the 50th Anniversary of ours. Fifty years ago Peugeot produced its first automotive
diesel engine. That’s a long time to be working on the “engine of the future” some automakers
are introducing today. We've had a half century to perfect ours — and the cars
W = they go into. And we've learned a few valuable lessons. For example, we will

: ' g never produce a hybrid diesel —those gas converted engines the newcomers
like GM and Volkswagen are introducing. They’re just not as strong as

b~

2{: ; % ours. And there’s another thing we've learned. There’s no point in putting
X 4% an engine that can take it into a car that can’t. So we make our cars every bit
"é%méjs as tough as our engines. Combine that with our superior handling. Now add

to that the interior room of a full size sedan. And the luxuries: power-assisted
four-wheel disc brakes and steering, electric front windows, tinted glass, fully reclining front
seats, four-wheel independent suspension, and a sunroof as standard equipment. And optional
automatic transmission. That’s not all that’s optional—in addition to a luxury sedan, we also
make a diesel station wagon. Nobody builds diesels the way we build diesels.

Now you know about diesel cars.
And the more you know about diesel cars,
the more you’ll want to own a Peugeot.

The Peugeot Diesel. It's a 50th Anniver-
sary for us. But it can be a real
celebration for you.
For information on buying, leasing, [§ ~%Y;
or overseas delivery see your
Peugeot dealet Or call toll-free
800-243-6000 (In Connecticut
call 1-800-882-6500). Peugeot

Motors of America, Inc.,
Lyndhurst, New Jersey 07071.

PEUGEOT

No one builds cars the way we build cars.

L .
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World famous SERGAL and
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beautiful walnut planking and com-
ponents and cast-brass details.
Virtually museum pieces when
completed. Large-scale plans, En-
glish instructions, all materials in-
cluded. Also, hundreds of other
superb ltalian kits, plans and ac-
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Send for our 88-page,

full-color catalog,
only $3.00 —
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Authors...
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Learn how to have
your book published.

You are invited to send for a free illus-
trated guidebook which explains how
your book can be published, promoted
and marketed.
Whether your
subject is fic-
tion, non-fiction
or poetry, sci-
entific, scholar-
ly, specialized,
(even contro-
versial) this
handsome 52-
page brochure
will show you
how to arrange
for prompt pub-
lication.

Unpublished authors, especially, will
find this booklet valuable and inform-
ative. For your free copy, write to:
VANTAGE PRESS, Inc. Dept. F-53
516 W. 34 St.,, New York, N.Y. 10001

To the
Author

in Search
ofa
Publisher
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LETTERS

Peter P. Luff’s article “The Electron-
ic Telephone” [SCIENTIFIC AMERICAN,
March] provides an excellent introduc-
tion to the functions of the telephone set
and to the complex technical and eco-
nomic factors that have affected the tim-
ing of technological change in this field.
The almost unbelievable longevity of
the carbon-button transmitter (micro-
phone) particularly illustrates the power
of these factors.

Luff mentions that the practical intro-
duction of the “one piece” telephone set,
with the transmitter and the receiver in a
single handle, was delayed by the prob-
lem of acoustic feedback between the
transmitter and the receiver. An equally
strong factor came from another pecu-
liarity of the carbon-button transmitter:
its sensitivity to changes in orientation
with respect to gravity. In the desk-stand
(“‘candlestick”) telephone set the trans-
mitter is held in a relatively constant
attitude during normal use. Mounted
on the more mobile “handset” of the
one-piece telephone, the transmitter be-
haved erratically as the carbon granules
in it shifted. A more sophisticated de-
sign, with the carbon placed between
spherical shell electrodes instead of be-
tween parallel plates, eventually solved
the problem.

The long quest to make the replace-

Scientific American, May, 1978; Vol. 238, No. §.
Published monthly by Scientific American, Inc., 415
Madison Avenue, New York, N.Y. 10017; Gerard Piel,
president; Dennis Flanagan, vice-president; Donald H.
Miller, Jr., vice-president and secretary; George S.
Conn, treasurer; Arlene Wright, assistant treasurer.

Editorial correspondence should be addressed to The
Editors, 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.

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.)
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New Address

Old Address
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ment of the carbon-button transmitter
economically practical is particularly
ironic in view of the fact that Alexander
Graham Bell's first instrument (which
was essentially similar to the one shown
on page 60 of the article) was of the
dynamic-transducer type. As Luff
points out, without an amplifier (which
was unknown at the time and subse-
quently too costly until today) the signal
from such a transmitter was far too fee-
ble for practical use.

It is worth noting that the problem of
acoustic feedback between the transmit-
ter and the receiver in a one-piece (hand-
set) telephone surfaced again in the
1940’s. As the first step toward today’s
proliferation of “‘decorator” telephones,
colored instruments were offered. The
colored handsets were made of a ther-
moplastic material, whereas the black
ones until that time had been made of a
thermosetting material. As a part of the
required design change the handset han-
dle was hollow, and this introduced an
unanticipated acoustic path from the
rear of the transmitter to the rear of the
receiver, again causing a feedback situa-
tion. The solution was to put a pledget
of cotton in the handle bore, a technique
still used today in the handset of the
*“500” instrument.

Although Luff does not dwell on the
fact, the telephone ringer (“bell”) is also
entirely unchanged in its operating prin-
ciple from the days of Bell, and indeed
its design is generally ascribed to Thom-
as Watson, Bell’s assistant. Contrary to
Luff’s description, and in distinction to
the mechanism of, say, a doorbell, the
usual telephone ringer does not have a
make-and-break mechanism but rather
acquires its vibratory motion from the
alternating current sent to it from the
telephone switching equipment. It is this
use of alternating current that makes it
possible for the ringer to receive its ener-
gy (through a capacitor) while the tele-
phone is idle and is thus, as Luff writes.
unable to pass direct current.

D. A. KERR

Dallas, Tex.

Sirs:

H. Arthur Klein's article “Pieter
Bruegel the FElder as a Guide to
16th-Century Technology” [SCIENTIFIC
AMERICAN, March] interested me both
for its technological content and for its
information about the artist himself.
(Klein's Graphic Worlds of Peter Bruegel
the Elder has been on my bookshelf for
several years.) His discussion of the
building crane in the cover illustration,
however, was a bit puzzling. It appears
from the illustration that the crane con-
sists basically of two coaxial drums, the
larger drum serving as the treadmill and
the smaller one (probably the axle itself)
receiving the lifting rope, which wraps
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ARCHAEOLOGY. Glyn Daniel. The significant sites,
cultures, civilizations, terms, tools, and techniques
acked into one all-inclusive volume. 1000 entnies.
ore than 100 illustrations. $17.95

40690. COSMOLOGY. Michael Rowan-Robinson.
Ideas and developments in the new astronomy. Abun-
dantly illustrated. $13.95

64145-2. ANEW DICTIONARY OF PHYSICS.H. J.
Gray and Alan Isaacs. More than 9000 entries highlight-
ing the key concepts, formulas, men, and machines.
Hundreds of graphs, charts, tables, and illustrations.
Counis as 2 of your 3 books. $35.00

36785. THE BOWELS OF THE EARTH. John Elder.
A fascinating tour of global geology and the working
systems of the earth’s core, upper mantle and crust.

50265. GEOMORPHOLOGY AND TIME. J. G.
Thornes and D. Brunsden. Invaluable sch ic guide
reviews new ideas, concepts and approaches in the field.
Profusely illustrated. $12.95

39746-2. COMPANION TO CONCRETE
MATHEMATICS. TWO VOLUMES. Z. A. Melzak.
Goldmine of math ical techniques and various ap-
plications. The set counts as 2 of your 3 books. $46.45

36395. BLACK HOLES, QUASARS AND THE
UNIVERSE. Harry L. Shipman. Absorbing explora-
tion of the frontiers of astronomy. $13.95

g

values t0$68.40

(Publishers’ Prices shown)

34665. ASTRONOMY: FUNDAMENTALS AND
FRONTIERS. Second Edition. Robert Jastrow and
Malcolm Thompson. Classic book to the universe,
updated with data %athemd by Apollo and Mariner
probes. Many full-color photographs. $15.50

69305. PLANETARY GEOLOGY.Nicholas M. Short.

comprehensive, non-technical of solar system
geology. More than 500 photographs, line drawings, and
graphs. §21.95

68780. PHYSICS OF THE EARTH. Frank D. Stacey.
Covers rotation, gravity, internal structure, plate tec-
tonics, tidal friction, earthquake prediction, ands;nGO%

86200. THE WAY OF THE SACRED. Francis Hux-
ley. Investigates the rites, beliefs, places, and taboos that
various societies have considered sacred and explores
the meaning of the startling parallels that exist between
them. $14.95

56260. INTRODUCTION TO FINITE MATHE-
MATICS. John G. Kemeny, J. Laurie Snell, and Gerald
L. Thompson. Completely revised edition of this classic
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73280. THE RACE BOMB: Skin Color, Prejudice
and Intelligence. Paul R. Ehrlich and Shirley Feldman.
Penetrating look at the meaning of race, intelligence
tests, and group differences. 59.95

34140. APPLIED ANALYTICAL MATHEMATICS
FOR PHYSICAL SCIENTISTS. James T. Cushing.
Deals with topics ranging from spectral analysis of linear
operators to complex vanables, to group theory. $19.95

44900-3. THE ENCYCLOPEDIA OF COMPUTER
SCIENCE. Mc 1 1550-page vol offers ac-
curate information on essential topics ranging from
theory to_applications, from programming to Boolean
algebra. Counts as 3 of your 3 goo s. $60.00

61300. MATHEMATICAL MAGIC SHOW. Martin
Gardner. Delightful collection of brain teasers and in-
spired dissertations by the author of Scientific Ameri-
can’s Tar Math 1

pop ical Games col $8.95

40167-2. THE CONDENSED CHEMICAL DIC-
TIONARY. Revised by Gessner G. Hawley. More than a
dictionary. 18,000 entries cover technical data, descrip-
tive information, chemicals, and much more. Counts as
2 of your 3 books. $32.50

61660. MECHANICS OF THE MIND. Colin Blake-
more. Reports discoveries now being made about the
human brain: why we have an awareness of self, how we
feel and see the world we live in, why we sleep, how we

work. Filled with h of .
charts and tables. $14.95

32300. ADVENTURES OF A MATHEMATICIAN.
S. M. Ulam. A rare, first-hand account of the birth and
childhood of the Atomic Age by a man who was instru-
mental in the development of both the A- and H-bs(;r;!l;ss

70170. PRINCIPLES OF HOLOGRAPHY. Howard
M. Smith. Completely revised edition of classic work
covers every aspect of holography from chemical for-
mulas to applications. $16.50

65640. ON STONEHENGE. Sir Fred Hoyle. World
renowned astronomer proposes that the 5,000-year-old
structure was built to predict lunar eclipses. More than
500 photographs, line drawings and graphs. $9.75

P
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ber. 200 beautiful photographs and drawings.
photogtap 91955

52292-2. A HANDBOOK OF NUMERICAL AND
STATISTICAL TECHNIQUES. J. H. Pollard. Cov-

ers techniq ded to solve ical problems
on a prc ble calcul r omp or interac-
tive termunal. Counts as 2 of your 3 books. $24.95

61610. MAYA. Charles Gallenkamp. A compelling
view of the life, arts, religion, and science of a unique
civilization. $12.95

If the reply card has been removed, please write to
Library of Science
Dept. 2-A3A, Riverside, N.J. 08075
to obtain membership information and an application
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Garden Camera
CALCULATORS

Hewlett Packard

&

]|

Texas Instruments

TLS7 ........ 55.00
TIL.S8 ........ 88.50
TIL59 ....... 209.00
TS0 46.95
PC 100A ..... 146.50
T.1. 5040 ...... 89.95
T.l. 5050M 76.95

NEW! MBA PROGRAMMABLE
$59.95
SOFTWARE AVAILABLE

Prices subject to We accept
change without notice NG @R
Speed your order VISA' { ,1
TOLL FREE! b

Call | (800) 223-5830

Or send postage and handling to

345 Seventh Avenue, N.Y., N.Y. 10001
New York, Alaska & Hawaii Call:
Tel: (212)868-1420 Open Weekdays 8:30-6:00
OPEN SUNDAYS 10-4p.m. Closed Saturdays.

Do You Have An

Exceptionally

Bright Child? Y
Yes? Then give your child . \-; *
QUERIES 'N THEORIES — ="
the fascinating, < fun

game designedgby and ol f

for bright, imaginative
minds. It develops reasoning skills as it enter-
tains with a ‘‘Detective Work’ approach to
problem solving. Playing QUERIES 'N THEORIES,
your child will learn to unravel problems by
formulating the right questions — the first step
towards finding solutions. QUERIES °'N
THEORIES promotes the mastery of language
structure and scientific method, increasing the
player’s ability to organize, analyze and synthesize
information. Two or more can play, and the
game’s programmed manual outlines fifteen
absorbing variations of QUERIES 'N THEORIES
which challenge both junior high school students
and intelligent adults. This game kit includes 400
colored chips, 12 game mats, a timer, and a query
marker. Give QUERIES 'N THEORIES. Give your
child a good time while learning how to think! If,
within 30 days, you are not convinced that
QUERIES 'N THEORIES is a fun way to increase
problem-solving skills, your full purchase price
will be refunded.

l [ Send only $12 plus $1 postage/handling per
copy to.
WFF 'N PROOF
1490-RC South Blvd.
Ann Arbor, MI 48104

[J Check for Free Brochure
on all the instructional
games by the WFF ‘N PROOF publishers.
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around it. If that is the case, then the
question raised in the text (“Could such
cranes have raised all the massive stones
of the tower?”’) can surely be answered
without difficulty. If the radius of the
treadmill drum is 10 times that of the
axle, then six 200-pound workers exert-
ing a force equal to their weight would
suffice to lift a three-ton stone (without
allowances for frictional losses). If, as is
more likely, they exert their weight at a
point about 30 degrees away from a ver-
tical dropped from the axis, they could
still lift a 1.5-ton stone. Even allow-
ing 20 percent for frictional losses, they
could lift 1.2 tons. If the crew were
increased to eight, even larger weights
could be handled.

LLoyD C. KANNENBERG

Department of Physics
University of Lowell
Lowell, Mass.

Sirs:

I thank Professor Kannenberg for his
observations on the role of power in re-
lation to the lifting abilities of man-pow-
ered devices. The problem of the power
a crew can exert in the long run is very
much the name of the game. I hope to
make that clear, clearer perhaps than
my article did.

The same cast and props suggested by
Professor Kannenberg are used in the
following scenario. Six 200-pounders
are preparing to raise a three-ton stone,
let us say 100 feet. Their man-powered
crane has a mechanical advantage, or
ratio, of 10 to one.

The rope from the hoisting drum is
made fast to the great stone, and as the
six men enter their cage we consider
that in this apparatus they can together
develop .6 horsepower, or 330 foot-
pounds per second. They quickly climb
until they are clinging vertically to the
walkway at the level of the axle. Thus
their combined weight of 1,200 pounds
presses down on the drum tangentially,
and the rope pulls up on the stone with
a force of 1,200 times 10, or 12,000,
pounds.

A net upward force of 6,000 pounds
now accelerates the stone. Its mass is
such that the acceleration rate is 32.2
feet per second per second. In less than
001 second the stone has attained an
upward speed of .0275 foot per second,
and the walkway of the drum moves
with respect to the laborers at .275 foot
per second. This is a kind of limit, since
atangential force of 1,200 pounds exert-
ed at a velocity of 275 foot per second
means a power flow of 330 foot-pounds
per second (as noted above).

The laborers accordingly drop down
to, or near, the 30-degree position in the
drum. They walk upright, as if they were
climbing a 30-degree slope. For each
foot of motion along the drum it is as if
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they lifted their 1,200-pound weight .5
foot. Their combined force on the cir-
cumference is hence 600 pounds, and
the rope now pulls upward on the stone
with a force of only 6,000 pounds, just
enough to offset the weight of the stone.
Consequently the stone continues to rise
.0275 foot per second, neither accelerat-
ing nor decelerating.

The result is that a 100-foot lift re-
quires about 3,636 seconds, or a little
more than an hour. (The periods of time
for the initial acceleration to .0275 foot
per second and the final deceleraticn
from that speed back to zero again are
too small to need taking into account.
Moreover, we follow the fiction that the
crane and its tackle are free from fric-
tion. We also disregard the mass of the
drums, the ropes and so on.)

An hour to lift the three tons 100 feet
is mighty slow going. Even an eight-man
crew would need more than 45 minutes.
The six-man crew could raise six tons
100 feet in some two hours, 1.5 tons in
30 minutes and so on. All these figures
assume that the power limit per crew
member is .1 horsepower, but an ex-
ceptionally powerful and well-trained
crew whose members could generate
.2 horsepower each, or 1.2 horsepower
together, could raise three tons in about
30 minutes, a rise still by no means
rapid. In other words, estimates are im-
possible without considering the power
the crew could generate.

A word of caution: If the six-man
crew with a combined capacity of .6
horsepower wanted to lift the original
three-ton stone 100 feet, but without
climbing at steeper angles than they
would climb in the 30-degree position,
they could do so, provided they used a
crane whose mechanical advantage or
ratio was, for example, 20 to one rather
than 10 to one. It is essential that every
lift begin with the rope’s pulling the load
upward with greater force than gravity
pulls it downward. At 30 degrees six
200-pound workers exert a tangential
force of 600 pounds on the drum. This
force must be multiplied until it is sub-
stantially greater than the stone's
weight of 6,000 pounds. A 20-to-one
ratio would do that.

Narrowly considered, mechanical ad-
vantage or leverage relations enable pa-
tient children to jack up trucks, or could
ideally enable a hummingbird to haul a
hippopotamus. Once such relations em-
boldened Archimedes to boast that he
could move the earth itself if he were
given a proper fulcrum for his super-
lever. In actual lifting operations, how-
ever, the element of elapsed time can-
not be ignored. This means that consid-
eration must be given to power: the
rate at which work is accomplished or
energy is transformed.

H. ARTHUR KLEIN

Malibu, Calif.



ITS THE ONE THING
MUSIC LOVERS
ALL OVER AMERICA

PIONEER'S SX650. AGREE ON-

THE NUMBER ONE RECEIVER TODAY The receiver they chose to buy more often
WITH PEOPLE WHO CARE ABOUT MUSIC. than any other was Pioneer’s SX650. A receiver

When it comes to buying a good high fidelity ~designed to deliver a minimum of 35 watts per

receiver, music lovers can be unmerciful. channel into eight ohms, from 20 to 20,000 hertz,
If a receiver has the least bit of audible with no more than 0.3% total harmonic distortion. A

distortion, a music lover won't buy it. receiver that costs almost $100 less than similar 35
If a receiver isn’t powerful enough to drive at  watt receivers built by our competition.

least two sets of speakers, they'll pass it right by. You can hear the SX650 at your local Pioneer
It a receiver doesn't have an absolutely super- dealer.

lative FM section, they won't bother to consider it. It's the one receiver designed for people who
And if a receiver doesn't leave a music lover  appreciate great value as much as they appreciate

with enough money to buy still more records and great sound. S g i

tapes, they'll find one that will. M pIONEER
Last year, America’s music lovers had well WE BRING ITBACK ALIVE

over 150 different hlgh fidelity receivers to £1977 U 5. Pioneer Flectronics, 85 Oxtord Drive, Moonachie, New ||‘!~L-'|.'D?IU?4

choose from.
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knows about
hunger and fear.
Help her learn
about laughter
and love.

Life for Mia is harsh. Her trou-
bled little face shows you her need
for nourishing food, a warm bed,
and affection.

You can help care for a child like
Ma, for just gls a month.

Through our “adoption’program
you can help provide a child with
a better diet, clothes, medical atten-
tion, school. And hope.

But don't wait. There are so many.
And somewhere, right now, a child
is dying from starvation and neglect.

r----------------1

Wrrite to: Mrs. Jeanne Clarke Wood,
Children, Incorporated, P.O. Box 5381,
Dept. SA58, Richmond, Va. 23220 USA

O 1 wish to “adopt” a boy O, girl O, in
OAsia,[JLatin America, JMiddle East,
OAfrica, DUSA, O Greatest Need.

O I will give $15 a month (8180 a year).
Enclosed is my gift for a full year O, the
first month 0. Please send me the child’s
name, story, address and picture.

O I can’t “adopt,” but will help $

[J Please send me further information.

]
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]
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]
1
1
1
1
B O If for a group, please specify.
]
1
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1
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Church, Class, Club, School, Business, etc.

NAME

ADDRESS

CITY STATE zip

U.S. gifts are fully tax deductible.
Annual financial statements are available on request.

CHILDREN,INC. ;
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50 AND 100
YEARS AGO

| SCENTIICAMERICAN |

MAY, 1928: “A large percentage of
the injuries resulting from automobile
accidents are due not to the smash-up of
the car itself but to the flying glass from
the windows and windshield. Conse-
quently the adoption of triplex glass this
year by two well-known automobile
manufacturers has aroused great inter-
est. The type of triplex used in the win-
dows and windshields of automobiles is
identical in appearance with ordinary
plate glass and consists of three layers.
The two outside layers are the finest ob-
tainable plate or sheet glass, and the
middle layer is a binding composition
known as pyroxylin plastic. This is a
perfectly transparent sheet of cellulose
material. Under ordinary impact triplex
will not shatter or create fragments be-
cause the flexible center layer holds
tightly to the outside layers.”

“In no field of chemistry has there
been greater recent progress than in the
production and utilization of new alco-
hols. Ten years ago the purchaser of al-
cohols for industrial uses was limited to
three substances, namely methyl alco-
hol, ethyl alcohol and amyl alcohol
from fusel oil. Isopropyl alcohol, which
until a few years ago was merely a labo-
ratory chemical, is now available on a
large scale for solvent use. This material
is being manufactured as a by-product
of oil-cracking operations. Secondary
butyl alcohol is now produced on a con-
siderable scale in this country from the
waste gases in oil refineries. Ethylene
glycol, made from natural gas, is an
alcohol many of whose chemical deriv-
atives are valuable solvents for the nat-
ural cellulose used in lacquers. The al-
cohol family is almost as numerous as
the Smith family, and those mentioned
above are only a few of its members
especially important in industry.”

“Speeding at a terrific rate in what
have been termed ‘storms of their own
making,” two automobiles, specially
constructed and equipped with power-
ful motors, early in February attempted
to break the record for earth-bound ve-
hicles set last year by Major Segrave on
Daytona Beach in Florida. The con-
tenders for the title also ran on that
beach, and one of them, Captain Mal-
colm Campbell of England in his Blue-
bird, beat Segrave's record of 203.79
miles per hour by setting a new record of
206.956 miles per hour. The other con-
tender, Frank Lockhart, came to grief
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when his Stutz Black Hawk raced into
the sea while unofficially making 225
miles per hour after a four-mile start. It
is thought by many that if Lockhart’s
car had not swerved into the sea, he
would have gained for America the cov-
eted record.”

“Good radio programs are so fre-
quently spoiled by man-made static that
the town of Fairfield, Iowa, has recently
passed a city ordinance that makes it a
punishable offense to create interfer-
ence with radio reception. A fine of $100
or 30 days in jail has been set as the
punishment for violation of the ordi-
nance, the text of which reads: ‘It shall
be unlawful for any person to operate
any instrument, device or machine of
any kind whatsoever the operation of
which shall cause electrical interference
with radio reception, within the city lim-
its of the City of Fairfield, Iowa, be-
tween the hours of 12 o’clock noon and
12 o’clock midnight, on any day after
taking effect of this ordinance, save and
excepting only such as may be necessary
in making X-ray pictures or examina-
tions in emergency cases of injury.’”

MAY, 1878: “American manufac-
tures are better in quality than those of
any other nation, are highly appreciated
almost everywhere and are in the main
as cheap as or cheaper than any others.
But the trade in them is pushed with but
little skill and energy by our people; our
exporters act carelessly and do not in
such matters adapt themselves to the ne-
cessities of different countries as care-
fully as do the English and the Germans.
Dealers abroad complain that descrip-
tive circulars and price lists are not full
enough. Our manufacturers do not
adapt their goods to different markets as
readily as do those of other countries.
Besides these general complaints there
are two others that appear in almost all
the reports. One is that our manufactur-
ers and exporters do not maintain fixed
prices but vary them frequently, being
compelled to do so by the fact that we
here are cursed with a currency of fluc-
tuating value. European and South
American dealers say that it is impossi-
ble for them to order American goods,
even where these are greatly preferred
and cheaper, because prices are thereby
unsettled. The other complaint is made
against our high tariff, which disables us
from buying and importing foreign
products and thus forces merchants
abroad to trade with England, because
the outward freight on their purchases is
lessened by the fact that the ship is sure
of a return freight.”

“The United States commercial agent
at Gadoon reports to the Department of



OMNI'S TOPS.

Motor Trend magazine
thinks so. Which is why Dodge
Omni became Motor Trend Car
of the Year.

Veteran car critics and
testers have been reporting some
very nice things about Omni.
Like the confident feel of its
front-wheel drive. And the kind of
space front-wheel drive gives
Omni’'s occupants. So, the
nation’s automotive press also
thinks so.

We think you're
going to

think Omni’s tops, too. Because
Omni can get so much done...
lots more in fact...than it did for
the car experts. We say that
because it will take thousands of
miles around the town and out
in the country to put Omni to its
truest test. With you at the wheel.

$4135*(CAR AS SHOWN)
$3706* (DASE STICKER PRICE)

Now, car testers
don’'t worry too much
about price. But you
have to. So it's nice

Dodge

*Does not include taxes and destination charges.

to know Omni prices start at just
$3706* Which includes such
standard items as an AM radio,
vinyl body-side moldings, and
whitewall radial tires. With a little
judicious selection of options
and trim packages, you can own
an Omnilike the onein the picture
for just $4135*

For that kind of money, you
get a lot of versatility. First of all,
Omni is built for American-sized
folks. There are four wide doors

for easy entry. There is agreat big
10.2-cubic-foot storage
compartment when the rear seat
is in place. Fold the seat down,
and you get a cavernous 35.8-
cubic-foot area that'll take on a
surprising lot of cargo. Omni is
roomier than you might expect.
You can make your Omni
roomier yet. More versatile.
Order it with an optional
factory-installed multipurpose
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carryall roof rack. With
appropriate attachments, it'll
handle bikes, skis, baggage, or
other cargo up to 150 pounds
After all, the more you carry
outside, the more you can carry
inside.
EPA ESTIMATES:
30 MPG HIGHWAY/25 MPG CITY.
Omni is also very obliging
on gas mileage. EPA estimates
are 38 MPG (highway)/25 MPG
(city). That's when your Omni is
equipped with its standard
1.7 litre engine and
four-speed trans-
mission and 3.3
transaxle ratio. Your

mileage may
- vary. Depends on how
= . youdrive, yourcar's
S = condition, and its

," : equipment.

And California
mileage is lower.
With so much
waiting for you
to see, andtry,
. andfeel,
why not get
down
to your
Dodge
Dealer’'s soon.
We think you'llend up
buying or leasing the car so
many experts say is tops in its
class for 1978.

MOTOR TREND
CAROF THE YEAR

ITDOES ITALL.



Whyis

Diamond Shamrock
one of the strongest
chemical companies
onearth?

Becauseitissostrong
underthe earth.

The roots of Diamond Shamrock’s remarkable
success go deeper than good people and creative
chemistry.
Root fashion, they reach deep into the earth.
Into our huge salt domes. For the brine we
electrify into chlorine and caustic soda. Which
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in turn yield literally thousands of useful prod-
ucts. Useful to us. Useful to you.

And into our oil and gas leases in the U.S.
From Alaska to the Gulf of Mexico, Diamond
Shamrock is at work expanding its domestic
reservoirs of petroleum.

For Diamond Shamrock brand motor oil
and gasoline.

For natural gas and propane.

And, importantly, for the petrochemicals
out of which we pull products that range from
fertilizer to fungicides, from asphalt to plastics.

Want a handle on Diamond Shamrock?
Hereitis. Day byday, this technologicallyinno-
vative company'’s strong presence in domestic
natural resources from under the earth — ol,
gas, salt — is giving it a stronger role in the
world’s chemieal future.

And in your own,

Diamond
Shamrock

The resourceful company.

Diamond Shamrock Corporation
1100 Superior Avenue, Cleveland, Ohio 44114




State that the knowledge derived from
Stanley’s discoveries on the Congo is
already bearing practical fruit. English
missionaries have followed the course
of the river as far as the first series of
rapids and are about to establish a sta-
tion at that point. It is reported that a
modified form of the slave trade still ex-
ists between that region and the Portu-
guese islands of St. Thomas and Prince,
through former agents of the slave trade
between Gadoon and St. Paul of Loan-
da. A British gunboat recently captured
a brig with more than 100 men, women
and children on board, in a miserable
condition, who had been captured, bap-
tized and shipped near St. Paul as ‘free
laborers.” The spirit of the slave trade
still exists, and if it is not carefully
watched, it will revive and increase.”

“Mr. W. B. Woodbury has proposed
an ingenious idea for taking photo-
graphs of an enemy’s works from a bal-
loon, without necessitating the presence
of an aeronaut in the car. Electrical
wires are run along the cable by which
the air ship is held captive. Instead of a
car a box is provided, inside of which
another box is pivoted so that it will
keep horizontal. In the inner box is the
photographic apparatus, and over the
lens is an ebonite shutter moved by the
current, to open or shut instantaneously.
There is also a sensitized tissue on roll-
ers in the rear of the lens, which is oper-
ated by clockwork, also controlled by
the current. When the balloon is elevat-
ed to the required height, with the lens
properly focused and the tissue in posi-
tion, the shutter is set in motion by the
current, giving instantaneous exposure.
A photograph is thus obtained, and by
further controlling the clockwork fresh
sensitized surface may be exposed and
additional images taken.”

“M. Claude Bernard, who died in
France in February at the age of 65, is
justly entitled to the credit of having
raised physiology to the dignity of a sep-
arate science. He it was who proved that
the infinite variety of functional phe-
nomena, with relation to the endless di-
versity of organic forms, is based on
fundamental truths, which collect on
common ground all living things, with-
out distinction of classes or orders,
whether vegetable or animal. The liver,
he showed, makes sugar the same as
does the fruit; beer yeast is subject, the
same as man, to anaesthesia when sub-
mitted to etherized vapor. For the physi-
ology of animal mechanism he showed
that anatomical deductions are insuffi-
cient and often erroneous, and that only
experiment can lead to certainty. He
pointed out that the experimental physi-
ologist not only analyzes and demon-
strates but also dominates and directs,
and that he may be a ‘conqueror of na-
ture’ to the same degree as the chemist
or the physicist.”

The Last of the Great

The Round-Top
Schoolhouse Clock
$110.00

We urge you to take heed. These are truly the last of the
Great Old Clocks. At our low price, you may never see
these values again. Authentic circa 1900 antique school-
room clocks, the kind that once ticked happily away in
the front parlours, general stores and one-room schoois of
America’s childhood. Lovingly restored and in 100% run-
ning order. Each is unique—yours will be numbered, reg-
istered to your family or whomever you designate and
accompanied by a handsome Certificate of Age and
Ownership (suitable for framing.) Order now, to avoid dis-
appointment. When these clocks are gone, they’re gone
forever.
® Certificate of age, authenticity and ownership.
® Fully reconditioned 8-day keywind movement, brass

pendulum, key. Counts each hour in melodic tones
® Sturdily cartoned and shipped to you UPS insured.

Visit our Showroom, just 1 hour from N.Y.C.
For multiple orders use separate sheet of paper.

Old Cl

When they’re gone,they’re gone forever.
Genuine Circa 1900 Antiques.

The Fancy Schoolhouse Clock
$125.00

ocks

The Classic
Double Scroll Clock
$115.00

Pony Express System *#%' Navajo St.,
= Dept. P-521 , Yorktown, N.Y. 10598 '
'Gentlemen: Please send me the following clock(s) (state qty.):
___Round-Top Schoolhouse Clock (Style 14) @ $110. |
___The Fancy Schoohouse Clock (Style 12) @ $125. |
—Classic Double Scroll Regulator (Style 15) @ $115.
¥ (Add $6.00 for each insured delivery.)
| O My check is enclosed for $ |
(N.Y. State residents add 5% tax.)
We honor Master Charge, American Express & Bank- |
| Americard. Include signature and appropriate data or |
| for faster service call 914-248-7031 9 a.m. to § p.m.

(E.S. |
Ime/Ms. " I 1
IAddress :
 City State — Zip

== = Satisfaction guaranteed or money refunded. ==

You could he missing a fourth
of Beethoven’q Fifth.

Most cassettes distort or can't
reach the crescendos that have
made Beethoven's Fifth famous.
But our new AD cassette can.
Utilizing a unique ultra-sensitive
formulation, AD cassettes cap-
ture all the highs that even ex-
pensive premium cassettes can
mangle. Yet AD's cost* is a stun-
ning departure from the usual high
rost of premium cassette listening.
And AD is ideally suited to any noise
reduction system. Like all TDK
quality cassettes, AD is backed

by a full lifetime warranty.**
TDK Electronics Corporation,
Garden City, N.Y. 11530

e
.I- m

- o P N, - -
*Nationally advertised value of one ADC-60; $2 69, ADC-90: $3.9
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9. Also available in 45 and 120-minute lengths. **In Ihe unlikely event that any
TOK cassette ever fails 1o perform due 10 a defect in materials or workmansnip, simply return it to your local dealer or to TOK for a free replacement
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ONE OF THESE CAMERAS WAS MADE
JUST FOR YOU.
HERE’S HOW TO TELLWHICH ONE.

If you’ve considered buying a 35mm sin-
gle lens reflex camera, you may have
wondered how to find the right one out
of the bewildering array of models and
features available.

And you have good reason to wonder,
since the camera you choose will have a
lot to do with how creative and reward-
ing your photography will be.

Of course, what you pay for your
camera is important. But it shouldn’t be
your only consideration, especially since
there are very expensive cameras

Minolta makes all kinds of 35mm SLR's,
s0 our main concern is that you get
exactly the right camera for your needs.
Whether that means the Minolta XD-11,
the most advanced camera in the world.
Or the easy-to-use and moderately priced Minolta XG-7. Or the very economical
Minolta SR-T cameras.

that won't give you some of the
features you really need. So before
you think about price, ask yourself how
you'll be using the camera and what
kind of pictures you'll be taking. Your
answers could save a lot of money.
How automatic

should your camera be?
Basically, there are two kinds of auto-
matic 35mm SLR'’s. Both make use of
advanced electronics to give you per-
fectly exposed pictures with point, focus

and shoot simplicity. The difference is in
the kind of creative control you get.

For landscapes, still lifes, portraits and
the like, you'll want an aperture-priority
camera. It lets you set the lens opening,
while it sets the shutter speed automati-
cally.

This way, you control depth-of-field.
That's the area of sharpness in front of
and behind your subject. Many profes-
sional photographers believe that depth-
of-field is the single most important

factor in creative photography.

At times you may want to control the
motion of your subject for creative
effect. You can do this with an aperture-
priority camera by changing the lens
opening until the camera sets the shutter
speed necessary to freeze or blur a mov-
ing subject. Or you can use a shutter-
priority camera, on which you set the
shutter speed first and the camera sets

Specifications subject to change without nolice

the lens opening automatically.

Minolta makes both types of auto-
matic camera. The Minolta XG-7 is
moderately priced and offers aperture-
priority automation, plus fully manual
control. The Minolta XD-11 is some-
what more expensive, but it’s the
world’s only 35mm SLR with both aper-
ture and shutter-priority automation,
plus full manual. The XD-11 is so
advanced that during shutter-priority
operation it will actually make exposure

corrections that you fail to make.

Do you really need an

automatic camera?

Without a doubt, automation makes
fine photography easier. But if you're
willing to do some of the work yourself,
you can save a lot of money and get pic-
tures that are every bit as good.

In this case, you might consider a
Minolta SR-T. These are semi-automatic
cameras. They have built-in, through-
the-lens metering systems that tell you
exactly how to set the lens and
shutter for perfect exposure.
You just align two indicators in
the viewfinder.

What should you expect

when you look into

the camera’s viewfinder?
The finder should, of course,
give you a clear, bright view of

Automatic sequence photography

is easy when you combine a Minolta
XD-11 or XG-7 with optional Auto
Winder and Electroflash 200X.

16
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your subject. Not just in the center, but
even along the edges and in the corners.
All Minolta SLR’s have extraordinarily
bright finders, so that composing and
focusing are effortless, even in dim light.
And with a Minolta there’s never a 4
question about focusing. You'll find
focusing aids in every Minolta view-
finder that make it
easy to take criti-
cally sharp pictures.

Information is
another thing you
can expect to find
in a well-designed
viewfinder. Minolta
believes that you
should never have
to look away from
the finder in order
to make camera
adjustments. So
everything you need
to know for a perfect picture is right
there in a Minolta finder.

In the Minolta XD-11 and XG-7,
red light.emitting diodes tell you
what lens opening or shutter speed is
being set automatically and warn against
under or overexposure. In Minolta
SR-T cameras, there are two pointers
which come together as you adjust the
lens and shutter for correct exposure.

Do you need an auto winder?
If you like the idea of sequence photog-
raphy, or simply want the luxury of
power assisted film advancing, an auto
winder may be for you. Minolta auto
winders will advance one picture at a
time, or continuously at about two pic-
tures per second. And they give you
advantages not found in others, like up
to 50% more pictures with a set of bat-
teries and easy attachment to the camera
without removing any caps. Optional
auto winders are available for both the
Minolta XD-11 and XG-7, but not for
Minolta SR-T cameras.
How about electronic flash?

An automatic electronic flash can be
combined with any Minolta SLR for
easy, just about foolproof indoor pho-
tography without the bother of flash-
bulbs. For the XD-11 and XG-7,
Minolta makes the Auto Electroflash
200X. It sets itself automatically for cor-
rect flash exposure, and it sets the cam-
era automatically for use with flash. An’
LED in the viewfinder tells when the
200X is ready to fire. Most unusual: the

The match-needle viewfinder: just align
two indicators for correct exposure.
Because you’re doing some of the work,
you can save some money.

fire continuously in perfect
synchronization with Minolta
auto winders. Imagine being

Auto Electroflash 200X can
)—\ -

WE WANT YOU TO HAVE THE RIGHT CAMERA.

flash pictures without ever taking your
finger off the button.

You should be comfortable

with your camera.

The way a camera feels in your hands
and responds to your commands can
make a big difference in the way you
take pictures.

The Minolta XD-11 and XG-7, for
instance, are compact, but not cramped.
Lightweight, but with a solid feeling of
quality. Controls are oversized and posi-
tioned so that your fingers fall naturally
into place. And the electronically con-
trolled shutters in these advanced auto-
matic cameras are incredibly smooth
and quiet.

Minolta SR-T’s give you the heft and
weight of a slightly larger camera, but
with no sacrifice in handling conve-
nience. As in all Minolta SLR’s, “human
engineering” insures smooth, effortless
operation.

Are extra features important?
If you're going to use them, there are
a lot of extras that can make your
photography more creative
and convenient.
Depending on the
Minolta model you
choose, you can
select from a num-
ber of special fea-
tures. For instance,
some models let you
take multiple expo-
sures with pushbutton ease
(even with an auto winder).
Other available extras include a
window to show that film is
advancing properly, a handy
memo holder that holds the end
of a film box to remind you of
what film you're using, and a self-timer
that delays the release of the shutter

The electronic viewfinder: light emitting
diodes tell you what the camera is

doing automatically to give you correct
exposure.

SO you can get into your own pictures.

‘What about the lens system?
Just about every 35mm SLR has a lens
“system.’ But it's important to know
what the system contains. It should be
big enough to satisfy your needs, not
only today, but five years from today.
There are almost 40
interchangeable
lenses available for
Minolta SLR’s,
ranging from
7.5mm fisheye to
1600mm: super-tele-
photo, including
macro and zoom
lenses and the
smallest 500mm
lens in the world.
And since inter-
changeable lenses
should be easy to
change, the
patented Minolta bayonet mount lets
you remove or attach them with less
than a quarter turn.

What'’s next?

After you've thought about how you'll
be using your camera, ask your photo
dealer to let you try a Minolta. Handle
the camera for yourself. Examine its fea-
tures and the way Minolta has paid close
attention to even the smallest details.
And by all means, compare it with other
cameras in its price range. You'll soon
see why more Americans buy Minolta
than any other brand of SLR. For litera-
ture, write Minolta Corporation,
101 Williams Dr., Ramsey, N.J. 07446.
In Canada:
Minolta Camera
(Canada) Inc,,

Ontario.

Interchangeable lenses expand vour crearive
opportunities. T here are wide
angle, macro, zoom and telephoto
lenses in the Minolta system.

Plus more than a hundred other

© 1978 SCIENTIFIC AMERICAN, INC
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Plant a THINK TANK anywhere
and watch the minds grow!

home-office-school-park-club

h h 1ah
wrck Yy

Unique instructional games designed by university
professors to make learning fun through brain-to-
brain action. Beginning games can be mastered by

hild

young —final g will challenge intelli-
gent adults. These are the famous 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-QM South Bivd., Ann Arbor, Mi. 48104

Fully guaranteed. Dealer inquiries invited.

Gifts that are a COMPLIMENT to receive!

TEXAS

Model Your Cost ~ Model Your Cost
T59 $214.95  T158/59 Libraries 28.95
PC 100A 146.95 TI1680 2595

58 96.95 TI25LCD 26.95
TI57 62.95 MoneyManager 19.95
Programmer 48.95  T11700 Data Clip 29.95
SR 51-2 49.95  Data Man 22.95
i 49.95  Little Professor  12.95
T11790 Datachron 43.95 30SP 8.95
MBA 63.95 TI25LCD 26.95
Bus Analystll  34.95 115040 P/D 98.95
SR 40 2395 TIS050M 83.95
T150LCD 29.95 115015 64.95
T12550-3 2595 115100 43.95
111050 1195  TH025 10.95

TlAccessories at discount prices
One free TI 503-1 digital watch with single purchaseorder of $650+ from this ad.
Al TI units come complete, fully guaranteed by TI.

HEWLETT-PACKARD

Model Tour Cay Wi ¥ WS P
1y i ]
1 w1l e
H W
-7 5
2

HE srcenssven ot drmzeunt Al units come compitte

il Baat gy daut Ty @

Model Your Cost Model Your Cost
Norelco # 185 9995 Pearlcorder All models & speeds from 129.95
Noreico-Phillips 95 149 95 RCA Selectavision 799.95
Norelco #88 242.95 Sony Betamax 8200 Callus
Norelco NTI 164.95 Zenith Video Recorder 829.95
Norelco #97 Dict/Transc 298.95 Sony TVs, all models Bestdeal
Norelco # 98 Dict/Transc 409.95 RCATVs, all models from 79.95
Norelco Mini Cassettes 2.95 Zenith TVs, all models from 87 95
Craig 2706A-2625-2629 Call us 3M dry photocopier 77.95
Sanyo TRC 8000A 199.95 Mtari Video Game 159.95

Sanyo TRC 8010A 159.95 Victor printer 305 99.95

No one can beat Olympic Sales Co. prices and fast service. Try us
Prices are {0 b. LA. Goods subect to availability. Ask for our famous catalog.
wil beat any price f the competition has the goods on hand
Add $3.00 for shipping hand-held calculators. CA residents add 6% sales tax.

OLWYMPIC SALES COMPANY. INC

21E Sowth Dulerd Ave - PO Bos TAS4%

Los Angeles. CA 90004 - 12930 381 3911 - Teles 67 3477
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THE AUTHORS

FRED M. KAPLAN (“Enhanced-
Radiation Weapons”) is a fellow of the
Arms Control Project at the Center for
International Studies of the Massachu-
setts Institute of Technology. He studied
at Oberlin College, where he received
his bachelor’s degree with high honors
in 1976. During the summers of 1975
through 1977 he did research on defense
issues at the Carnegie Endowment for
International Peace, the Military Audit
Project and the Institute for Policy Stud-
ies. Kaplan has published articles and
reviews on U.S. and Russian defense
policy in several periodicals and is the
author of a monograph titled Dubious
Specter: A Second Look at the Soviet
Threat (Transnational Institute, 1977).

KENNETH J. HSU (“When the
Black Sea Was Drained”) is chairman of
the Geological Institute at the Swiss
Federal Institute of Technology in Zu-
rich. A native of Nanking, he did his
undergraduate work at the Chinese Na-
tional Central University. In 1948 he
came to the U.S. to continue his studies
in geology at Ohio State University and
at the University of California at Los
Angeles, where he obtained his Ph.D. in
1954. He became a U.S. citizen in 1963.
After working for the Shell Develop-
ment Company and teaching at the State
University of New York at Binghamton
and at the University of California at
Riverside he moved to the Swiss Federal
Institute of Technology in 1967. Since
then he has been involved primarily in
the study of marine sediments. Hsii has
been co-chief scientist on two cruises
to the Mediterranean with the Deep
Sea Drilling Project, and in 1975 he was
the sedimentologist aboard the Glomar
Challenger on an expedition to the Black
Sea to obtain a continuous record of cli-
matic history during the last ice age.

RICHARD A. MULLER (“The Cos-
mic Background Radiation and the New
Aether Drift”) is associate research
physicist at the Space Sciences Labora-
tory of the University of California at
Berkeley and at the Lawrence Berkeley
Laboratory of the University of Cali-
fornia. He was educated at Columbia
University and at Berkeley, where he
earned his Ph.D. in elementary-particle
physics in 1969. Since then his diverse re-
search interests have included (in addi-
tion to the measurements of the cosmic
background radiation described in his
article) the development of a telescope
mirror that compensates automatically
for atmospheric distortion, the search
for quarks with unit charge and the de-
velopment of a new technique for radio-
active-isotope dating. Recently Muller,
his wife and his sister opened a gour-
met restaurant in Berkeley. “Whenever I
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get totally frustrated with experimental
physics,” he writes, “I switch gears and
work on the wine list for the restaurant.”

GILBERT B. DEVEY and PETER
N. T. WELLS (“Ultrasound in Medical
Diagnosis”) share an interest in the de-
velopment of medical instrumentation.
Devey is head of the Middle East Sec-
tion of the National Science Foundation
and is responsible for managing the
foundation’s activities in the countries
of the Arabian Peninsula. He obtained
his bachelor’s degree in engineering
from the Massachusetts Institute of
Technology in 1946 and then worked
for six years as an electronics engineer at
the U.S. Navy Underwater Sound Labo-
ratory, the Bureau of Ships and the Of-
fice of Naval Research. In 1953 he
moved to the Sprague Electric Compa-
ny, where he spent the next 12 years de-
veloping new areas of application for
advanced-technology electronic compo-
nents. He joined the National Science
Foundation in 1965 and served as pro-
gram director in the Division of Engi-
neering and in the Research Applied to
National Needs (RANN) program. In
1973 Devey organized and managed a
National Science Foundation research
program in ultrasonic diagnostics. Wells
is chief physicist at the Avon Area
Health Authority in Bristol in England.
He studied physics at the University of
Aston and at the University of Bristol
and did an apprenticeship with the Gen-
eral Electric Company. He then worked
for 12 years as a research assistant on
several ultrasonic projects financed by
the Medical Research Council. In 1972
he was appointed to the chair of medical
physics at the Welsh National School of
Medicine; he moved to his present posi-
tion in 1975.

R. HAVEN WILEY, JR. (“The Lek
Mating System of the Sage Grouse”), is
associate professor of zoology at the
University of North Carolina at Chapel
Hill. He studied at Harvard College and
obtained his Ph.D. in animal behavior
from Rockefeller University in 1970.
After a postdoctoral year at Rockefeller
he joined the faculty at Chapel Hill,
where he currently directs the Behavior-
al Research Station of the North Caroli-
na Botanical Garden. Wiley’s research
interests, in addition to the lek mating
system of the sage grouse, are the eco-
logical adaptations of the social struc-
ture of blackbirds and wrens, the acous-
tical communication systems of birds
and the behavioral control of spatial re-
lations in animal societies.

WALTER C. GOGEL (“The Adja-
cency Principle in Visual Perception”) is
professor of psychology at the Universi-



If a rosé is just a rosé,why does A]maden make three?

All rosé drinkers are not alike.
Some like rosé with a hint of sweet-
ness. Some like it dry. And others
like it in between. So to satisfy all

three, Almadén makes a rosé for each.

If youre one who prefers rosé
with a hint of sweetness, may we
suggest Almadén Mountain Nectar
Vin Rosé on the left. Fresh, light
and exciting. With a rich satisfying
taste—like that of fresh, ripe fruit.

If you prefer a drier rosé, you'll
enjoy Almadén Grenache Rosé in
the middle. A fresh, fragrant wine
made from the Grenache grape.The
same classic grapeused in the famed
Tavel rosés of France. It makes our

rosé bright—with an abundance of
flavor and character.

And if you like a rosé thats
in-between—try our new Almadén
Gamay Rosé. Made from the Gamay
grape—similar to the grape used in
the Beaujolais wines of France—it’s
a distinctively different rosé. Fresh
and complex —more full-bodied
than our other rosés. Unlike any
you've ever enjoyed.

Whichever you prefer, serve
it well chilled—with your favorite
food or by itself. Either way, you'll
enjoy the taste of a truly fine wine.
Because at Almadén, we care
for our grapes as if they were our
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children. And you’ll taste this
tradition of quality in every bottle
of Almadén wine.

To learn more about wine,
send a postcard for a free copy of
“The grapes and wines of Almadén”
to: Almadén, P. O. Box 24249 SC,

San Jose, CA 95154.

CALIFORNIA ROSE




For 13 yearsin arow,
the best-selling

(Maybe its because the Wagonmaster

room for the moneyof"'l'_ o
any small wagon* .

Since its introduction in 1972,
Pinto Wagon has outsold every -
other sub-compact wagon.
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Ford Dealers have had
wagon lineup.

offers so much room for the money.)
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. bench seats. Standard
. wagon seats five, with
5 sealing for eightor -
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= — 12optional.. .
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The LTD Wagon's EPA Cargo Volume.
of 56 cubic feetls unsurpassed ., - . -
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DG e i "~ WAGONS &2
THE BE"'ER IDEAS KEEP COMING. FORD DIVISION | 7S ANNVERSARY

© 1978 SCIENTIFIC AMERICAN, INC




Getting
off the
Ground

Man is
taking to
the sky

INn order to
communicate
more quickly, economically and

reliably over long distances.

Harris satellite commmunications systems
are helping - getting the word,

the sound and the picture to people

all over the world. Via outer space.

Write: Harris Corporation,

55 Public Square, Cleveland, Ohio 44113.

(W) HARRIS

COMMUNICATIONS AND
INFORMATION HANDLING
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ty of California at Santa Barbara. He
did his undergraduate work in physics at
Marietta College and then went on to
graduate work in experimental psychol-
ogy at the University of Chicago under
Eckhard H. Hess. After receiving his
Ph.D. in 1951 he spent the next 14 years
doing research on spatial perception at
the U.S. Army Medical Research Lab-
oratory at Fort Knox and at the Civ-
il Aeromedical Research Institute in
Oklahoma City. He joined the Santa
Barbara faculty in 1965. Gogel writes:
“My research interests, while continu-
ing to center on classical problems in
space perception, have expanded in re-
cent years to include the relation be-
tween cognitive and perceptual process-
es in responses to spatial stimuli, and the
role of attention in visual perception.”

L. ANDREW STAEHELIN and
BARBARA E. HULL (“Junctions be-
tween Living Cells”) are cell biologists
interested in the structure and function
of biological membranes. Staehelin is
associate professor at the University of
Colorado at Boulder. Born in Australia,
he went to secondary school in Switzer-
land and obtained his Ph.D. from the
Swiss Federal Institute of Technology
in 1966. For the next three years he
worked in the Department of Scientific
and Industrial Research of New Zealand
on the structure of the plant cell wall,
coming to the U.S. in 1969 as a postdoc-
toral fellow in the laboratory of Keith
R. Porter at Harvard University. The

following year he moved with Porter to

the newly established department of
molecular, cellular and developmental
biology at the University of Colorado.
Staehelin’s research has since focused
on the junctions that coordinate the ac-
tivities of cells in tissues and on the
structure of photosynthetic membranes.
He is currently on sabbatical leave at the
University of Freiburg in West Germa-
ny. Hull is research associate in the sec-
tion of cell biology at the Yale Universi-
ty School of Medicine. She went to
Smith College and the University of
Colorado, where she did research in
Staehelin’s laboratory, obtaining her
Ph.D. in 1976.

NORMAN SMITH (“Roman Hy-
draulic Technology”) lectures on the
history of technology at the Imperial
College of Science and Technology in
London. Born in Southampton, he at-
tended the University of Bristol, where
he received his Ph.D. in civil engineer-
ing in 1962. He then taught engineering
at the University of Canterbury in New
Zealand; he moved to Imperial College
in 1965. His recent research has focused
on the history of dam building and the
evolution of hydraulic technology, a
subject about which he has written three
books. When he is not writing or teach-
ing, he combines historical fieldwork
with travel and photography.

The

perfect gift—
“the most
beautiful
book of
information

I have ever
SCeMN. el

‘“Remarkable...a fine buy ...
I’ve spent hours browsing
through it with fascination...
The truth is, the volume defies
adequate description...The
thing todois stop in at your book-
shop and see it yourself.”

—EDMUND FULLER,
Wall Street Journal

“Undeniably unique, merging bril-
liant illustrations with short texts to
survey all areas of knowledge.”

— Library Journal

‘““Clearly superior to its only serious
competitor...the venerable New
Columbia Encyclopedia.’

“A visual delight that
dramatizes knowledge. ..and orga-
nized to satisfy the hunger of inquis-
itive minds and stimulate
imagination”—HARVEY EINBINDER,

Chicago Tribune

e 2,856 pages ¢ over 11,000 full-color
illustrations! ¢ more than 3,000,000
words of text

¢ 175,000 copies in print

$69.95, now at your bookstore :‘n EI

RANDOM HOUSE

Would you stonewall
a commitiee? Not
Senator Hayakawa's.

S. I. Hayakawa, a freshman U.S. sena-
tor and a long-time member of The
American Heritage Dictionary Usage
Panel, might not mind a witness refus-
ing to answer or no
cooperating. He and
69% of the other
members of the panel would
object strongly to anyone using
stfonewag as a c;/erb. WLISRARY 7778 AMERICAN HERITAGE
of up-to-date advice on using

words effectively is an exclu- DICYYOMRY
sive feature of The Ameri- OF THE ENGLISH LANGUAGE

can Heritage Dictionary.
And its 155,000 entries,
4,000 illustrations, and
thousands of new
words help make it
America's complete
contemporary dic-
tionary as well.
From $9.95

ANEWCOLLEGE EINTRON
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s L e KT P -
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Pubiished by Houghton Milliin Company » Two Park Street » Boston. Mass 02107
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MATHEMATICAL
GAMES

The Bells: versatile numbers that can count

partitions of a set, primes and even rhymes

by Martin Gardner

Keeping time, time, time,

In a sort of Runic rhyme,

To the tintinnabulation that so
musically wells

From the bells, bells, bells, bells,

Bells, bells, bells—

From the jingling and the tinkling
of the bells.

EDGAR ALLAN PoOE, “The Bells”

d and e are in arow on a table. Also

on the table are five chessmen: a
king, a queen, a bishop, a knight and a
rook. In how many ways can the chess-
men be arranged on the plates so that
one chessman is on each plate? The an-
swer is 5! The exclamation mark is the
factorial sign, indicating that the answer
is1 X2X3X4X35,or 120. The prob-
lem is combinatorially equivalent to
counting the number of ways the letters
a, b, ¢, d and ecan be permuted. In gener-
al, for n objects the number of ways is n!

Now alter the rules a bit to allow any
number of objects, from zero to five, to
be on any plate. In how many different
ways can the chessmen be placed on the
plates? It is obvious that one piece goes
on one plate in only one way. Two
pieces can go on two plates in four ways,
as is shown at the left in the illustration
on the opposite page. If you experiment
with three plates and three objects, you
will find there are 27 ways. Because 1, 4
and 27 are equal to 11, 22 and 33, one
might guess that n objects go on n plates
in n» ways. That is indeed correct. The
five chessmen can go on five plates in
55, or 3,125, ways.

If there are n objects and k plates, then
there are k» ways to place the objects on
the plates according to the altered rules.
For example, two objects go on three
plates in 32, or nine, ways, as is shown at
the right in the illustration on the oppo-
site page. It is easy to see why the formu-
la works. The first object can be placed
on the & plates in k different ways. The
second object can also go on any of the
k plates, so that it too can be placed in k
ways. Since there are n objects, it is clear
that they can be placed on k plates in
kX kX kX ... Xk=kr ways.

Imagine that five plates labeled q, b, ¢,

24

Consider a more difficult problem.
There are the same five chessmen and
the same five plates, but now the plates
are unlabeled. In other words, the plates
are considered to be identical, and so
their positions on the table are unim-
portant. For example, if the king and
queen are on one plate and the other
three chessmen are on another, it does
not matter which plates hold the two
groups. All partitions of the set that
place the king and queen on one plate
and the bishop, knight and rook on an-
other, regardless of which two plates are
used, will be considered identical and
counted as a single way of placing the
chessmen. How can all the ways of plac-
ing the five objects be counted?

Once again one object obviously goes
on one plate in just one way. Two ob-
jects go on two plates in two ways: either
both on one plate or one on each plate.
This case models many real situations.
For example, there are two essentially
different ways a husband and wife can
occupy unlabeled twin beds: they sleep
either in separate beds or in the same
bed. There are two ways a policeman
can handcuff two prisoners: either each
prisoner can be handcuffed separately
or the two can be handcuffed to each
other. The top illustration on page 26
shows the five ways three objects can be
placed on three unlabeled plates. This
case models the five ways three people
can occupy three unlabeled beds, the
five ways three nations can form alli-
ances and so on.

As an experiment you might pause at
this point and actually count the ways
four objects can be placed on four unla-
beled plates. In more technical terms,
the problem is to determine the number
of ways a set of four distinct elements
can be partitioned into nonempty sub-
sets. You will find there are exactly 15
ways. For five objects the number of
ways to partition the set jumps to 52. As
the number of objects » increases, a se-
quence of numbers is being generated:
1, 2, 5, 15, 52.... The numbers in this
sequence, which are extremely useful in
combinatorial theory, are called Bell
numbers in honor of the Scottish-born
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American mathematician Eric Temple
Bell, who died in 1960. They are closely
related to the Catalan numbers, which
were the topic of this department in
June, 1976.

Although Bell numbers were recog-
nized long before Bell wrote about
them, he was the first to analyze them in
depth and show their importance. In his
first paper on the numbers Bell ex-
plained how his interest had been awak-
ened. He had noticed an error in a hand-
book that gave what is called the Mac-
laurin expansion for the expression e,
where eis the transcendental Euler num-
ber and x is any positive integer. The
correct expansion is:

2
e(1+1+2%,+

S sy
1!

3! 4!

Note that the coefficients for the pow-
ers of x are precisely the Bell numbers.
(Bell called the numbers exponential
numbers, but after the combinatorialist
John Riordan began denoting them B, to
honor Bell, they quickly became known
as Bell numbers.) From the Maclaurin
expansion it is possible to derive what is
called Dobinski’s formula for the nth
Bell number, B,:

x©

B =1\ Kk
" e e k!
k=0

Bell was primarily a number theorist,
but he is best known for his classic histo-
ry The Development of Mathematics, his
more popularly written Men of Mathe-
matics and other books for the general
public. Younger mathematicians may
be surprised to learn that in the 1920’s
and 1930’s Bell was a prolific writer of
science fiction under the pseudonym
John Taine. Five of his novels are re-
printed in two Dover paperbacks: Seeds
of Life and White Lily and The Time
Stream. In 1951 Bell’s book Mathemat-
ics, Queen and Servant of Science was re-
viewed in a Pasadena Sunday newspa-
per by John Taine. “The last flap of the
jacket,” wrote Taine, “says Bell ‘is per-
haps mathematics’ greatest interpreter.’
Knowing the author well, the reviewer
agrees.”

Back to the Bell numbers, which
might be called Bells or even Temple
Bells. The first 13 Bells are shown at the
left in the bottom illustration on page
26. By convention B, equals 1. As you
can see, the numbers grow larger at an
exponential rate, or, as Poe has it in
“The Bells,” they rise “higher, higher,
higher, with a desperate desire.” The
100th Bell is a number of 126 digits.

Formulas for the nth Bell are compli-
cated and difficult to use in calculating
the series, but fortunately there is a sim-
ple recursive procedure that cranks
them out rapidly. It is best understood
by considering the formation of the tri-
angle of numbers shown at the top right
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Ways of placing two objects on two labeled plates (left) and on three labeled plates (right)
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Third Bell number (B3 = 5) counts the ways of placing three objects on three unlabeled plates
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n

26

5
15

52

203

877

4,140
21,147
115,975
678,570
4,213,597

52
203
877

3 5
7 10 15
20 27 37 52
67 87 114 151 203
255 322 409 523 674 877

2 5 15 52 203 877
3 10 37 151 674
2 7 27 114 523
5 20 87 409
15 67 322
52 255
203

Bells (left) and two forms of the Bell triangle (right)
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in the bottom illustration at the left.
(Following a suggestion of correspon-
dent Jeffrey Shallit, I shall call this the
Bell triangle.) Start with 1 at the top and
1 below it. Since 1 plus 1 equals 2, place
2 at the end of the second row. Bring the
2 back to start the third row. The sum of
2 and the number above it is 3, and so
put 3 to the right of 2. The sum of 3 and
the number above it is 5, and so 5 goes to
the right of 3. Continue in this manner,
observing the following two rules: The
last number of each row is the first num-
ber of the next row, and all other num-
bers are obtained by adding the desired
number’s left neighbor to the number
above the neighbor. The sequence of
Bell numbers appears on two sides of
the triangle. When the triangle is rotated
slightly, it becomes a difference triangle,
as is shown at the bottom right in the
bottom illustration at the left; each
number below the top row is the differ-
ence of the two numbers above it.

Like the more familiar Pascal trian-
gle, the Bell triangle is rich with interest-
ing properties. In the Bell triangle shown
at the top right in the illustration the
sums of the horizontal rows are the
numbers on the second infinite diagonal.
If the sum of a row is added to the Bell
number at the end of that row, the num-
ber obtained is the next Bell number. If
each number is replaced by O for odd or
E for even, it is easy to see that every
third Bell is even. Hence the ratio of the
number of odd Bells to the number of
even Bells is 2:1, and the sum of any
adjacent triplet of Bells must be even.

Dozens of curious properties of the
Bell sequence have been noted, and oth-
ers are still being discovered. For exam-
ple, “Touchard’s congruence” states:
B, ;= B}, + By 1(modulop), where pis
a prime number. In other words, if the n
of B, is expressed as the sum of a prime
p and a number k, and B, is divided by p,
the remainder will equal the remainder
obtained when the sum of B, and B+,
is divided by p. Let k equal zero, and the
congruence becomes B, =2 (modulo p).
In other words, every B, for whichrnisa
prime number has a remainder of 2
when it is divided by that prime. For
example, B3 is equal to 27,644,437, di-
vide this number by 13 and the remain-
der is 2.

Bells play an important role in prime-
number theory because they count the
ways any number with distinct prime
factors can be factored. For example,
30 has three different prime factors: 2,
3 and 5. B3 equals 5. The five ways
of factoring 30 are 2 X3 X 5, 5X 6,
3 X 10, 2 X 15 and 30. It is not hard to
see how this problem is isomorphic with
the task of putting three distinct objects
on three unlabeled plates. Note that
three of the first 10 Bells are prime: 2, 5
and 877. Are there other prime Bells? Is
there a largest prime Bell? I do not know
the answer to either question.

One of the surprising applications of



AFTER 280 YEARS OF
DEALING WITH ROYALTY,

WEVE LEARNED A LITTLE

SOMETHING ABOUT TASTE.

The shop of Berry Brothers & Rudd, L%., wine
B | Bl Tl merchants, has been a British land-
mark for nearly three centuries. For
years, kings, queens, dukes and

nobles from all over the world have
_ soug ht advice on the best wines to
at Berry Duoste husd, 1. Serve with their sumptuous meals.
On many occasions, Berry Brothers & Rudd, Ltd.
were asked to sug gest a Scotch Whisky of equal merit.
Unable to recommend one with wholehearted enthu-
stasm, they created Culty Sark Scots Whisky. The first
Scotch ever made by wine experts to please the most
demanding of palates.

The result is a Scotch with a delicate bouquet

and a quality of smoothness which is quite singular.

Of course, you don't have to be of noble birth
to appreciate Cutty Sark Scots Whisky. A that is re-
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the Bells is that they count the number
of possible rhyme schemes for a stanza
of poetry. A one-line stanza has one
rhyme scheme, a two-line stanza has
two rhyme schemes (the lines either
rhyme or do not), a three-line stanza has
five (aaa, aab, aba, abb and abc) and so
on. It is said that this “rhyming and the
chiming of the bells” (Poe) was first ob-
served by the British mathematician J. J.
Sylvester, but I have not been able to
find areference to it in his little book The
Laws of Verse. I shall be grateful to any
reader who can give me the reference.
H. W. Becker, writing about the Bells
in 1941, introduced what he called an
“interesting theorem.” Call a stanza
completely rhymed if every line rhymes
with at least one other and incompletely
rhymed if at least one line rhymes with
no other. The number of possible com-
pletely rhymed stanzas for n lines al-
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ways turns out to equal the number of
possible incompletely rhymed stanzas
for n — 1 lines.

Henry W. Gould, a number theorist
at West Virginia University, discovered
that the Japanese had an attractive way
of diagramming rhyme schemes at least
as early as A.D. 1000. The illustration
below shows the 52 diagrams for stan-
zas of five lines. Vertical lines stand for
lines of the stanza, and horizontal lines
join the lines that rhyme. Gould first de-
scribed the diagrams in 1976 in his Re-
search Bibliography of Two Special Num-
ber Sequences, a valuable listing of 175
references on Bell numbers and 445 ref-
erences on Catalan numbers. Interested
readers can obtain a copy postpaid by
sending $3 to Gould at 1239 College
Avenue, Morgantown, W.Va. 26505.

The earliest-known appearance of
this method of diagramming is found in
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Lady Murasaki’s 52 diagrams from The Tale of Genji
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The Tale of Genji, a famous Japanese
novel written by Lady Murasaki, who
lived from about A.D. 978 to about 103 1.
Every chapter except the first and the
last in the 54-chapter book is headed by
one of the 52 diagrams for stanzas of
five lines. The vertical lines are incense
sticks, each of which can be any one of
five different colors. Horizontal lines
join sticks of the same color. The col-
ored diagrams appear in early editions
of this Japanese classic but not in En-
glish translations. As Joanne Growney
observed in her 1970 doctoral disserta-
tion, if all the diagrams with lines that
intersect are omitted, the number of re-
maining diagrams is the fifth Catalan
number, 42, and this is true in general
for Murasaki diagrams of n lines. Just
why Lady Murasaki chose this order for
her diagrams, Gould writes, is as un-
known as the basis, if indeed there is
any, for the ordering of the 64 hexa-
grams in the I Ching.

Quintets are not common in English
poetry, but perhaps with diligent search-
ing one could find notable examples of
all 52 patterns. For example, Shelley’s
“To a Skylark” is written in quintets that
correspond to the fifth diagram of row
five. The fourth diagram of the second
row applies to Emily Dickinson’s well-
known

To make a prairie it takes a clover
and one bee,

One clover, and a bee,

And revery.

The revery alone will do,

If bees are few.

Here is a lovely stanza from Alice
Meynell’s “A Dead Harvest” that corre-
sponds to the pattern of the fourth dia-
gram of row four:

Along the graceless grass of town
They rake the rows of red and brown,
Dead leaves, unlike the rows of hay
Delicate, touched with gold and gray,
Raked long ago and far away.

The limerick is a quintet with a rhyme
scheme indicated by the fourth diagram
of row six. An unconventional limer-
ick, attributed to W. S. Gilbert, has the
scheme of the first diagram:

There was an old man of Dundee,
Who was stung on the arm by a wasp.
When asked “Does it hurt?”

He replied “No it doesn’t.
I'm so glad that it wasn’t a hornet.”

There are several applications of the
Bells to graph theory. Consider the fol-
lowing problem. Place six dots in a cir-
cle as if to mark the corners of an invisi-
ble hexagon and label the dots a through
f Regard an isolated dot as a degenerate
convex polygon of one corner and two
dots joined by a straight line as a degen-
erate convex polygon of two corners.



“I thought seeing Italy would teach
me more about my father.
Instead it taught me more about myself.”
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My father’s house is still
Carolyn Berger. Philadelphia. Pa. standing. (It’s home now to
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~ The Essence
Of Solera
—

Sebastiani Sherries are blended and aged
in one of the few classic Spanish Style
Soleras in California. The heart of our
Solera is the progressive blending of Sher-
ries set up in four tiers of 50-gallon white
oak barrels. The barrels are placed out-
doors, where the warm Sonoma sun
caramelizes the wines’ sugar to a golden
brown color and gently evaporates
moisture out of the wine, making it richer
and creamier.

About 1/3 of the wine in the bottom
tier is removed twice a year. Then wine
from the second tier is transferred to the
bottom level to fill the barrels back up.
This process is repeated level by level until
the youngest wine is finally added to the
top tier. By never emptying the barrels
completely, some wine dating back to the
origin of our Solera will always remain.
We produce three

special wines of unusual

merit by this classic Solera
I System: Amore Cream
Sherry — full- bodied and
naturally sweet; Arenas
Dry Sherry — a delightful
cocktail sherry and Adagio
Tawny Port — rich, sweet
and velvety soft. We invite
you to enjoy them.

Please write for our free
monthly newsletter.

Sam J. Sebastiani
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With a pencil connect the dots in any
way to form disjoint convex polygons of
one, two, three, four, five or six corners.
(Disjoint means that no two polygons
may have a dot in common.) The lines
of the same polygon may not cross one
another, because if they did, the polygon
would not be convex; lines of distinct
polygons may, however, intersect. If
you like, you may draw nothing, so that
the pattern will consist of six one-corner
polygons. Or you may connect all six
dots to make a single hexagon. Or you
may produce any mixture of polygons
provided they are convex and disjoint.

The illustration below shows four
possible patterns. How many different
patterns are there? If you have followed
the discussion of the Bells, the question
should present no difficulty. I shall an-
swer it next month in a general way that
applies to n dots connected by disjoint
convex polygons of one corner through
n corners.

n my February column I incorrectly
described the bottom illustration on
page 24 as a projection of a four-dimen-
sional simplex. Several readers wrote to
point out that the figure shown is not a
simplex but a section of a complex poly-
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hedron called a Hessian polyhedron. A
description of Hessian polyhedrons can
be found in H. S. M. Coxeter’s marvel-
ous book Regular Complex Polytopes
(Cambridge University Press, 1974,
pages 119-124).

William Funkenbusch wrote to say
that Sicherman dice could be used at the
craps table of a casino only for the game
itself, not for the allowed side bets such
as the ones that involve making certain
sums the “hard way.” Two hard-way
bets, 4 and 10, obviously cannot be
made with Sicherman dice at all.

Many readers misinterpreted the
problem of the 27 dice. When I spoke of
54 pairs of “facing” numbers, I meant
not the 54 single numbers on the faces of
the 3-by-3-by-3 cube but the 108 interior
face-to-face numbers on the 54 pairs of
adjacentdice. The numbers on each pair
are multiplied and the 54 products are
added. The problem is to find arrange-
ments of 27 dice that minimize and
maximize this sum. It is a difficult prob-
lem to solve without a computer. I do
not yet have either answer, but I do
know the minimum is less than 300 and
the maximum is greater than 1,000. I
shall report on the best answers I re-
ceive.
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A Bell problem
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“The most complete
and most scholarly d1ct1onary
of the English language.”

— The Christian Science Monitor

The Compact Edition of the Oxford English Dictionary
Yours as an introduction to membership in the BOOK-OF-THE-MONTH CLUB®

YOURS FOR ONLY

$1750

(PUBLISHER'S PRICE: $95)

You simply agree to buy 4 books
within a year.

For the price of an average dictionary,
you can now treat yourself and your
family to the world’s best dictionary of
the English language. The contents of
this two-volume edition are identical to
those of the original thirteen-volume set,
priced at $395.

FEATURES

*Boxed set of two volumes, 9%” by 13%”
each

e All 16,569 pages of the 13-volume original
included in 4134 pages of The Compact
Edition through a photo-reduction process
which permits printing of four pages of
original on one page of compact edition.

e Paper is 30-pound Special Dictionary
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¢ Binding is library buckram reinforced and
gold-stamped

¢ Bausch & Lomb magnifying glass
included in special drawer of slipcase. 2”
by 37" lens scientifically designed to make
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paper and bindings.
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member after the trial period, every book
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Sales and Revenues * *
$ Billions

Operating Income*

$ Millions

149

140 142

1,010
13.0 1,000 979

Dividends Declared
Per Common Share

Dollars

182

1,228
1.64

1.54

146

1.32

1973 1974 1975 1976 1977

1973 1974 1975 1976 1977

1973 1974 1975 1976 1977

*As restated for poolings of interest *Including insurance and finance activities
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shareholders
any way you look at it.

In 1977 ITT reached new highs
in sales, earnings, and dividends
paid out—the best in our 57 years.

And as our Annual Report
notes, 1978 looks to be “another
year of growth”” =

Income before extraordinary
items rose in 1977 to about $562
million— 14% overlast year's
restated income of $492 million.

Earnings for 1977 were equal
to $4.14 per common equivalent
share —an 8% increase over the
restated $3.85 per share for 1976.

Foreign exchange gains
amounted to four cents per share
in 1977. (The previous year saw a
10 cents a share loss.)

Sales for last year—$13.1
billion —compare with $11.8 billion
in the year-earlier period. Insurance
and finance revenues reached
$3.5 billion, against $3.1 billion
in 1976.

ear forour

Today, we are organized into
five basic business groups, each in
a fundamental and growing market:
Telecommunications and Electronics
($4.6 billion in sales last year),
Engineered Products ($4.3 billion),
Insurance and Financial Services
($3.5 billion), Consumer Products
and Services ($3.2 billion), and
Natural Resources ($ .9 billion).

Together, theyre a healthy
cross section of the most promising
sectors in the U.S. and world
€Cconomies.

For a more detailed look at
[TT's record last year —and at
what's ahead for us —write for a
copy of our 1977 Annual Report
to: Robert H. Savage, Vice
President, Director of Investor
Relations, Dept. 17, International
Telephone and Telegraph
Corporation, 320 Park Avenue,
New York, N.Y. 10022.

The best ideas are the

ideas that help people.ITT
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BOOKS

Physicists in Hitler’s Germany, the Viking

exploration of Mars and Newcomen’s engine

by Philip Morrison

AND THE PHYSICS COMMUNITY IN

THE THIRD REICH, by Alan D. Bey-
erchen. Yale University Press ($18.50).
It was the best of times. From 1925 to
the early 1930’s a flood of penetrating
papers had filled the Zeitschrift and the
Annalen. From Born, Pauli and Heisen-
berg in Gottingen, from Einstein and
Schrédinger in Berlin, from Sommer-
feld in Munich and his students (“in
1928 nearly one-third of all full profes-
sors of theoretical physics in the Ger-

: ;CIENTISTS UNDER HITLER: PoLITICS

PHILIPP LENARD, who elaborated an “Aryan” physics, receives
an honorary doctorate at Heidelberg in 1942. The man in the Nazi

man-speaking world were Sommerfeld
pupils”’) had come the most profound of
all steps to our knowledge of matter and
radiation. Quantum mechanics reached
its full powers, still unchallenged after
half a century. Of course, the Weimar
Republic physicists were not alone: Di-
rac and Bohr and de Broglie are hardly
German names. But the big German
universities and institutes, notably the
powerful mathematical center in Got-
tingen around Hilbert, Courant and
Weyl, guarded the core of the subject.
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The reviews and the indispensable texts
in their bright yellow covers told it to all,
in German.

It was the worst of times. In a year or
two the Reichsminister of education, sit-
ting beside Hilbert at a dinner, asked:
“And how is mathematics in Gottingen
now that it has been freed of the Jewish
influence?” Hilbert never temporized.
“Mathematics in Gottingen? There is
really none any more.”

In a cool, meticulous volume, which
draws not only on the printed word but
also on many oral interviews with par-
ticipants in the events, Professor Beyer-
chen, a University of Florida historian,
tells how it was done, how the physicists
encountered the hooked cross. Nobel
prizewinners and bemedaled war vet-
erans, canny university politicos with
grant money flowing in and isolated,
unworldly specialists—all were swept
away under the law (the Law for the
Restoration of the Career Civil Service,
April 7, 1933, and many supplements),
in spite of active public protest, dogged
passive protest, quiet protest behind the
scenes and the use of legal channels.

In quantitative terms at least a fourth

uniform to right of Lenard is Wilhelm Ohnesorge, Reich Post Min-
ister, who had been a student of Lenard’s at the University of Kiel,

33



Smith-Corona offers you Correction Cartridge typing.

Smith-Coronahas  mistakes in just seconds. able in five colors, to

the perfect typewriter But even if you give you a sharper,

for less-than-perfect rarely make mistakes, crisper typing image.

typists. youll like the Smith- So choose the great
It's the Smith- Corona for other typing typewriter that's

Corona" Cartridge Rib- reasons. also a great correcting

bon electric portable Such as the long-life typewriter. The Smith-

with the patented Cor- nylon ribbon it comes =~ Corona. And discover
rection Cartridge, and it with. Such as the film why it's America's best-
corrects most typing cartridge ribbon avail-  selling portable.

gﬂ . SMITH-CORONA

SCw™m CORPORATION

34 © 1978 SCIENTIFIC AMERICAN, INC



of the physicists were made to go, or
took the powerful hints. Qualitatively,
many more of the best left. It is to be
recalled that atomic physics was not
then the discipline it is today, a prover-
bial source of worldly power by way
of thermonuclear weapons, lasers and
transistors. It was still abstract, unfamil-
iar, akin more to academic philosophy
or even to science fiction. Bright young
scientists whose Jewish background
would have barred them from more lu-
crative and more conspicuous careers in
medicine or in chemistry sought this in-
triguing intellectual refuge, where up-
right men like Planck and Sommerfeld
never hesitated “‘to promote a Jew when
the candidate was highly talented.” But
the content or quality of the research
was never an issue in the years of dismis-
sal. Anti-Semitism came first.

There were lines drawn around mat-
ters of substance as well. The tale in-
cludes the wretched figures of two able
physicists (Johannes Stark and Philipp
Lenard), men long alienated by envy
and disappointment, who elaborated an
Aryan neoclassical physics, the subject
freed not only from the infamous Jews
and part-Jews but also from the inordi-
nate influence of theory, as from the ma-
terialism they could brand as Marxist.
Surely it was inconsistent to return phys-
ics to Newton as a base: mechanical ma-
terialism had always stemmed from
Newton'’s particles, and the new relativi-
ty and quantum mechanics are even to-
day widely seen as the negation of strict
determinism. But the personal careers
of the two leaders and the public ideolo-
gy of the Third Reich alike demanded
this difficult stance. “Aryan physics was
a microcosm of National Socialism, a
coalition of views just as irrational in
form and nihilistic in content. It is a dan-
gerous form of intellectual arrogance to
believe that a movement must be ra-
tionally consistent in order to achieve
political power,” writes the historian
dryly.

The high point of the Aryan theoriz-
ers was the conflict over succession once
Sommerfeld reached the age of retire-
ment in 1935. Heisenberg was the obvi-
ous man, and he was the choice of the
faculty even after the ministry had once
rejected his name. In the summer of
1937 the matter, still unsettled, took an
alarming turn. The SS journal itself pub-
lished a piece on the dispute, alluding to
“white Jews” and comparing Heisen-
berg’s Nobel prize to the one given the
pacifist Carl von Ossietzky during his
imprisonment in a concentration camp.
The matter was plainly grave.

The first step Heisenberg and his fam-
ily took to deal with it was extraordi-
nary, a revelation of a lunatic and arbi-
trary regime. The physicist’s mother had
known Himmler’s parents in old days in
Munich. Mrs. Heisenberg went to Mrs.
Himmler to seek some redress. “My

heavens, if my Heinrich only knew of
this.... He is such a nice boy—always
congratulates me on my birthday.... So
if I say just a single word to him, he will
set the matter back in order.” (We owe
this remarkable account to Heisenberg
himself!) Finally the aerodynamicist
Ludwig Prandtl intervened, presuming
on a dinner conversation with Himmler.
It worked, and Himmler agreed that in
spite of the attacks Heisenberg seemed a
decent young man, whom the SS might
make use of in their world-ice research.
Munich circles, however, held enough
allies of “Giovanni Fortissimo and Leo-
nardo da Heidelberg,” as Sommerfeld
called Stark and Lenard, for Heisenberg
not to succeed to his old teacher’s chair,
although Himmler held out hope in
writing of an important exonerating ap-
pointment at some later time.

Came fission and the war. The profes-
sors’ demand for academic autonomy
and for the exemption of younger men
from service at the front was now bol-
stered by their claim of the new rele-
vance of their work for the war effort.
The Aryan ideologues had no way to
match the promise of the uranium proj-
ect. The academics won the fight in that

they maintained the old standards of
peer judgment, which they themselves
consistently pointed out did not at all
mean opposition to the Nazis.

The choice had once been to fly or to
stay. If one stayed (Jews had of course
simple survival to consider), it meant
self-alignment with the party, or per-
haps “prudential acquiescence.” “For
many others it was inner emigration
away from political involvement. For a
very few it was a form of resistance.”

This tragicomedy, with its careful let-
ters and agreed statements, its little en-
counters, influential friends and strong
rejoinders, is played very quietly. Off-
stage a continent burns and shudders.
Only once do we see the red glow itself,
when on a February night in 1944 the
Royal Air Force attacked Berlin and a
high-explosive bomb exploded “right in
the director’s room” of Otto Hahn’s In-
stitute for Chemistry.

It was too late for military atoms.
Max von Laue wrote: “Absolutely ev-
erything conducted in science was ‘deci-
sive for the war effort.’... Many, many
young people owe to this designation the
activity which...kept them alive. This
is the only meaning which the ominous

IMAGE OF MARS made from observations at a wavelength of 20 micrometers shows cool
(blue) and warm (red) areas. The planet is illuminated by the sun from the right. The south pole
is near the bottom. The cool spot at the top left is associated with the volcano Arsia Mons. The
image appears in a paper by Hugh H. Kieffer, T. Z. Martin, Alan R. Peterfreund, Bruce M.
Jakosky, Ellis D. Miner and Frank Don Palluconi in Scientific Results of the Viking Project.
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word ‘kriegsentscheidend’ had in the
years 1942-45."

The irony of history has it otherwise.
The German physicists, even in the face
of published warnings of the truth by
such a sharp observer as Carl Ram-
sauer, president of the German Physical
Society after 1940, remained compla-
cent in their evident superiority. Actual-
ly the Americans had long since over-
taken them. In nuclear and quantum
physics particularly the greening of
American physics had begun long be-
fore the years of forced exile from Ger-
many. There were young Europeans
who had sought opportunity in the un-
easy years before 1932, for example
Samuel Goudsmit. There were bright
Americans with postdoctoral years at
Gottingen, for example Robert Oppen-
heimer. There were the energetic experi-
menters and brilliant planners, with and
without European experience, for ex-
ample Ernest Lawrence and I. I. Rabi.
All of them, led and urged on by the
illustrious and justly fearful emigrants
after 1933, were convinced that “Ger-
man science was the best in the world,
and that if a bomb could be built, the
Germans could—and would—build it.”

So did our epoch of the bomb arrive.
The just cause was pursued to extremity
in the fear that our German counter-
parts—disaffected, complacent, under a
regime that had bet everything on the
short run, carrying the suppressed guilt
of a bloody and unreasoning tyranny,
yet so talented—would beat us to it. If
you want to examine the fine structure,
this book will disclose it to you. It is
impossible to close without tribute to
the noble few who remained outspoken
in their moral opposition to the Reich.
Einstein said it well in 1944: “If [the
scientists] are different, it is not attribut-
able to intellectual capability but hu-
man stature, as in the case of Laue....
[He] tore himself loose step by step from
the traditions of the herd under the ef-
fect of a strong feeling of justice.” Not
many followed him. To be sure, most
were not secure enough, and indeed
“their goal of professional autonomy
did not demand it.”

CIENTIFIC RESULTS OF THE VIKING
PrOJECT, reprinted from Journal of
Geophysical Research, September 30,
1977. American Geophysical Union,
Washington, D.C. ($30). Ten years ago
planners began their work. Now we hold
a bulky volume, color gatefolds, stereo-
scopic pairs and all, that presents more
than 50 scientific papers on Mars first-
hand by 100 authors, as they appeared
in the most appropriate journal last
year. They stand as a rich and meticu-
lous technical report of the first year’s
results from a complex four-site field
station 400 million kilometers out, with
some of the story of getting there.
Two summary articles are followed

by 200 pages of photointerpretation
from close orbit, then a look at the at-
mospheric water vapor, thermal map-
ping of the surface and radio and radar
studies. Next the atmosphere is sampled
from top to bottom; a closer look sets in.
The two lander sites are meticulously
reported: landscape, rock-by-rock geol-
ogy, motions (very few), minerals, mag-
netism, winds, fogs, chemistry and bi-
ology. Tiny pockmarked Phobos and
Deimos are not neglected.

Nearly every report is both well illus-
trated and accompanied by a quantita-
tive interpretation of some kind, wheth-
er it is the shear strength of lava, judged
from the width of a lava-channel levee,
or the simulation of an elementary anal-
ysis of Martian surface materials by a
computer mixture of plausible minerals.
This expertise is of course fully justified
by the cost of the long link that is needed
to bring us the data; it makes less for
easy general reading than for careful
study by readers who want to learn how
to do field science, no holds barred.
Dreamers and browsers will nonetheless
find plenty to catch the eye; students and
colleagues are sure to consult the work
time and time again for methods as well
as results.

Let us salute Viking with a brief list of
some Mars realities we now know or
surmise; the volume arrays the evidence
in full.

Mars is no red planet. It is mostly a
“moderate yellowish brown,” and its
sky in clear weather is a paler version of
the same color. The surface is quite still.
There are no forms suggesting life, no
pigmented colors suggesting plants, no
artifacts to be seen. (There is an upright
capital B on one large rock, not very
well drawn.)

A long time ago giant flash floods
carved the landscape in a number of
places; a volume of water equal to that
of Lake Erie poured past in a few days’
time, scouring great channels.

A magnet holds a few percent of the
fine-grained particles of Martian soil.
The magnetic material is maghemite,
the gamma phase of FesO3, a minor but
widely occurring mineral on the earth.
The same material catalyzes the oxida-
tion of organic compounds in water
(supplied from the earth) by superox-
ides in the soil (supplied locally by the
ultraviolet decomposition of the carbon
dioxide atmosphere).

There are not only gigantic shield vol-
canoes on Mars, rising 25 kilometers
above the plains, but also flattish saucer
volcanoes, a type unknown on the earth;
one of them is nearly 1,500 kilometers in
diameter but less than three kilometers
high, all the product emerging from one
central vent.

There is no evidence to support the
concept of a seasonal wave of soil dark-
ening once thought certain by earth-
based observers. There are windblown
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streaks, and some volatiles deposit and
resublime, even snow. But if anything
dark is systematically seasonal, it has to
be in the dusty atmosphere.

That dusty world has a hazy sky, with
a morning ground fog of water ice, sus-
pended soil particles and in the fall a
high ice cloud (a mixture of dry ice and
water ice).

The predicted range to Mars was
short by 20 meters. We should do a good
deal better next time.

Dust there is but no allergens! The
organic content of the soil itself, over a
wide range of molecules from methanol
to naphthalene, is in general below some
parts per billion. Any trace compounds
from meteorites or photochemistry or
other such paths, let alone any from life
forms, must be oxidized away so soon
that their steady abundance is negligi-
ble. Antarctic soil gave peaks orders of
magnitude higher for two dozen com-
pounds sampled.

Do not forget that the time it took the
experimenters to respond to a new piece
of data was normally two weeks. That
was the delay for software preparation
and checking. (The wrong computer
command could be disastrous.) The Vi-
king spacecraft accepted queries only
once a day. At one crucial point a most
urgent look was taken by camera at a
jammed sampling arm. Those pictures
were back and in the hands of the ana-
lysts in “a little over thirty hours,” a he-
roic effort. All four Viking substations
(two in orbit, two on the ground) are
robust and well; they should work the
Martian year round, perhaps until early
1979, when once again our radio link
will be blocked by the sun and the lonely
Vikings will sleep.

Pan for nuggets on your own. The
book is a 725-page bargain and a sober
celebration; like Mars, it is pretty dry
but full of interest.

THE STEAM ENGINE OF THOMAS NEW-
coMEN, by L. T. C. Rolt and J. S.
Allen. Science History Publications/
USA, Neale Watson Academic Publi-
cations, Inc. ($15). Everyone vaguely
knows the name of Newcomen, whose
early steam engines, with the big walk-
ing beam protruding from the tall brick
engine house, are seen so often in repro-
ductions of old engravings. The engines
seem quaint, whimsical precursors of
the real steam engine, the one James
Watt derived from the little lecture-
model Newcomen engine that once
came for repair to his instrument shop in
the physics department at Glasgow.
This well-illustrated and knowing
monograph, a reworking of a version
published in 1963 by the late senior au-
thor on the 300th anniversary of New-
comen'’s birth, sets the vulgar opinion
straight. The Newcomen engines were
in no way oddities; they were in fact the
first effective industrial heat engines,
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practical forerunners of all fuel-fed
prime movers, a mushrooming com-
mercial success throughout the 18th
century. The first known engine of the
kind was built 10 miles west of Birming-
ham in 1712, “an Extraordinary Fire
Engine” pumping water up 50 yards
from a mine cut into the famous Dudley
Ten Yard coal seam. The engine cost
450 pounds, worked at above five horse-
power and drew the Spanish ambassa-
dor to see it. Newcomen and his partner,
concerned about commercial security,
would not admit their fashionable visi-
tors to the enginehouse. The location of
this engine is now well established by a
number of corroborative records and
some industrial archaeology. There are
hints of an earlier Newcomen engine in
Cornwall.

It was a fine piece of engineering. All
the working parts were of clear brass; in
“its purposeful and ordered complexi-
ty” (a detailed engraving of 1719 is re-
produced on a full page) it had almost
every one of the features that persist to-
day, differing only in details, size, cost
and the change from brass to iron. The
design continued through the entire 18th
century and beyond, in steady success.

The cycle was simple. A “haystack”
boiler raised steam from a coal fire. The
steam, at atmospheric pressure, entered
a big cylinder. The load of the pump
rods pulled the piston up as the cylinder
filled with steam, driving out the air.
Then a jet of cold water was sprayed
into the steam volume. The steam con-
densed to a partial vacuum and the ex-
cess atmospheric pressure pushed the
piston down and raised the heavy pump
rods. A well-functioning engine had a
mean internal pressure of only a third of
an atmosphere on its power stroke. The
valving was automatic from a very ear-
ly stage. Snifting, snoring, hissing and
knocking, the big engines made a dozen
strokes a minute; the power they devel-
oped grew finally to 40 or 50 horsepow-
er, from a cylinder six feet across with a
stroke even bigger.

Thermal efficiency stayed low; after
all, the steam was cooled by a jet of
water, and there was a layer of water at
the top of the piston to seal the leather
gasket. The thermal yield was maybe 1
percent, but the deep Cornish tin and
lead mines and the big Tyneside collier-
ies could afford the fuel and the invest-
ment; there was no other practical way
to pump out water. Long wood rods
drove force pumps lifting water 40
yards or so at a stage. In deep mines one
pump would feed an open wood cistern
built on a stage higher up the shaft,
which would in turn be drawn on by the
next pump above, all powered by the
same engine. Millwrights could handle
the power output of some tens of horse-
power; big waterwheels, the Dutch
windmills and the Boulton and Watt
steam engines were all in the same
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range. Higher power came in gradually
with high-pressure steam in the Victori-
an epoch.

Thomas Newcomen died in 1729. We
have no likeness of him; his financial
condition is unknown; his grave is un-
marked. He was an inspired but practi-
cal provincial tradesman, an ironmon-
ger at Dartmouth in Devon. The “Pro-
prietors of the Invention for raising
water by fire” collected high royalties on
about the first 100 Newcomen engines,
all those built in England and on the
Continent up to the expiration of the
Savery patent in 1733. Newcomen ap-
parently became inventor-engineer for
that joint stock company, which held the
very broad patent given Captain Thom-
as Savery, another Devon inventor, in
1698. Savery’s “fire engine” (he called it
“the miner’s friend”) was a steam-jet
pump without heavy moving parts, nev-
er practical. The use of hot, high-pres-
sure steam such as it would need to work
at the usual mine depths was premature
for the state of the engine builder’s art
by a century.

Growth continued apace under a line
of successors, after 1733 freed of royal-
ties. One would buy a cylinder and pis-
ton casting from the right ironfounder,
and clever local millwrights did the rest,
under one or another experienced engi-
neer right on the site. There was no
Boulton and Watt factory for the New-
comens. Yet by the year 1800, when the
Watt patent on the new steam engine
expired, there were some 1,500 Newco-
men engines in use (a small fraction of
which were adapted to crankshaft gear
for rotary motion), and only 500 or 600
engines of the Watt type or any other
kind. One big Newcomen pumped the
water out of Peter the Great’s drydocks
at Kronstadt, others pumped water for
Paris and London, and one drained a
copper mine in New Jersey.

They were done in by historical feed-
back. Deep mines, more coal and cheap-
er iron; more iron, better tools and ma-
chines; better machines, high-pressure
steam and the Victorian rise of engineer-
ing sophistication. At a colliery near
Bristol the longest-lived Newcomen of
them all worked regularly from the dec-
ades around 1750 until it was disman-
tled in 1900, still producing a measured
52 horsepower.

With this book anyone can under-
stand why the famous sponsoring Brit-
ish Society for the study of the history of
science and technology is named after
the modest Thomas Newcomen, “the
first great mechanical engineer.”

EALTH AND DISEASE IN TRIBAL SOCI-
ETIES. Ciba Foundation Symposi-

um 49 (new series). Elsevier North-Hol-
land Inc./Excerpta Medica ($28). No
man is an island, but many small socie-
ties are still islands, away from the cur-
rents of ideas, goods and genes. Most
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but not all of the societies under discus-
sion here are hunter-gatherer groups,
from Australia to the Amazon or Afri-
ca. Two dozen anthropologists, epide-
miologists, human geneticists and nutri-
tionists from half a dozen countries took
part in London late in 1976 in this sym-
posium on the “island” societies, report-
ed in fascinating primary papers, along
with remarkably candid and pleasingly
digressive discussion.

The central topics are infectious dis-
ease within isolated communities and
the medical responses indigenous to
them. Two or three case histories are
given in some detail; there are chapters
on nutrition and on the responsibilities
of well-meant intervention into another
way of life. We, the powerful (if tran-
sient) society, gain from the diversity of
those peoples, as instructive for their an-
tibodies as for their theories of disease.
But do they gain a reciprocal benefit?
The historical answer is surely no; they
stand, rather, to be destroyed.

The instances are melancholy and elo-
quent, yet some observers see hope. The
moral issue is not a simple one: Can we
really leave them alone, preserved like
“rare orchids”? Dependency and pover-
ty result from a contact as thin as the
airplane overhead or the slow leakage of
trade iron. Then comes a real shove, af-
ter a new road or some suggestion of
mineral wealth. The Australian aborigi-
nes (“sitting on the uranium”) have al-
ready “told us they don’t want further
studies made”’; they want some benefits
of past study. What they have mainly
got in the government settlements so far
is obesity, alcoholism, glue sniffing,
gambling, venereal disease and sloth.
(“But then they have little else to do.”) A
week’s family diet is listed: Sydney-side
junk food plus one wombat.

Aidan Cockburn, a paleopathologist
from Detroit, takes a longer view of dis-
ease. Continental drift opened the At-
lantic a couple of hundred million years
back. Parasites such as the trypano-
somes, one of which induces sleeping
sickness, are so varied and numerous in
both Africa and South America that
they must have been on the ancestral
continent before the ocean came. The
tsetse fly, vector of the disease, is now
only in Africa, but once it was on the
other side of the Atlantic too. (Four ex-
cellent fossil specimens have been found
in the Florissant shales near Denver.)
Worms and intestinal protozoa follow
the radiation of the primates; 11 proto-
zoan species are shared by Old World
monkeys and New World ones.

Herpes, yellow fever, malaria and
yaws are similarly shared. Once man
left Africa for the entire world he shed
those parasites whose special vectors or
intermediate hosts could not withstand
the new climates. Malaria could not
have been carried through Siberia to
the New World. Lice, mites and other
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Our engine sits sideways

When people sit in a Honda Civic® 1200 or Civic CVCC® for the
first time, they are often surprised at the amount of room inside.

They discover that despite their brief overall length our Civics
have plenty of room for four adults. Plus luggage space behind
the rear seat.

How do we do it?'To help solve the mystery, we took the roof
and hood off a Honda Civic cvCC Hatchback.

As you can now see, one reason for the Civic’s roominess 1s the

way the engine sits. Because it sits sideways, instead Iof

HONDA CIVIC CVCC 4-SPEED HATCHBACK.
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soyou don't have to.

lengthwise, the engine doesn’t interfere with front-seat legroom.
Instead, itis neatly tucked away up front, out of everybody’s way.

Of course, the engine in our Civic CVCC 4-speed Hatchback is
sitting pretty when it comes to fuel economy. This model got
42 mpg for highway driving, 36 mpg city, according to EPA
estimates. T'he actual mileage you get will vary depending on
the type of driving you do, your driving habits, your car’s
condition and optional equipment. Mileage estimates are lower
for California and high altitude cars.

Getting back to roominess. We gave the Civic additional space by
giving it front-wheel drive. This
means there 1s no drive-shaft to the
rear wheels, so the hump running
through the passenger compart-
ment is reduced.

So now when you sit in a Honda
Civic, please don’t be surprised that
you’re not cramped for space. And
that you’re not sitting sideways.

After all, it was a simple matter to
make our engine sit that way

instead.
H OND A

We make it simple.

*Civic 1200 not available in California and high altitude areas.
© 1978 American Honda Motor Co., Inc. Civic, Civic 1200, and CVCC are Honda trademarks.
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dwellers on man could come along, and
new ones could establish themselves.
Domestication and settlement on the
land brought new intimates, directly the
dog and the goat, say, indirectly the
sparrow and the mosquito. All their
pathogens would soon be shared. A
few infections would find themselves
changeling invaders: new, specifically
human pathogens.

In general parasites need a threshold
host population. In small populations
only persistent chronic infections will
survive; the swift, acute disease de-
mands large numbers. There is plenty of
experience to support this conclusion,
and more is given here. The doctors
have seen ‘virgin soil” visitations of
measles in a number of Amazon tribes
in the past decade. That acute but be-
nign disease killed nearly 30 percent of
the cases in one group, where suscepti-
bility was near 100 percent. Village life
collapsed; there was no one able to bring
water to the sick mother or infant in the
heat of the day. The high rate of compli-
cating bronchopneumonia was “in part
explained by the jack-knife position the
ill Indian assumed in his hammock,
there to await the death some very ma-
levolent spirit was arranging.” There is
still no clear evidence for a genetic sus-
ceptibility different from our own, but
the matter is open. (One fatality in 5,000
cases of measles is recent British experi-
ence.)

Greenland is much too small to sup-
port endemic measles; that takes a mil-
lion people. Even Australia was not
populous enough to support rubella
(“German measles”). That epidemic has
come there and gone several times, al-
though now the cities are bigger and are
linked by air, and even London is not far
off in time. The inference is clear: pests
such as measles, mumps, smallpox and
influenza depend on the large popula-
tions of agricultural man. They came
from modified parasites of our domesti-
cates and in man must be less than 6,000
or 8,000 years old. Fertilized fields
brought hookworm; irrigation brought
schistosomiasis; slash-and-burn agricul-
ture favored malaria.

Remarkable reports as usual come
from that patchwork of tongues and
peoples, the highlands of New Guinea.
There penicillin cures yaws after one in-
jection, in two dramatic weeks. Nothing
else ever helped much. No New Guine-
ans refuse injections; none contend that
their traditional healers are still needed
for the disease. Now the “injection doc-
tors” operate in many places as syringe
entrepreneurs and rather haphazardly
stick anyone who pays. (In Thailand
these healers often refer patients to
modern clinics; the house of Aesculapi-
us too has many mansions.)

In 1974 two Indonesian physicians
were astonished to find among the Ekari
people of West New Guinea an epidem-

ic of severe burns of the feet! It turned
out that the burns occurred when sleep-
ing people rolled into the house fires
customarily kept burning all the cold
mountain night. Healthy people can
quickly withdraw, and they rarely incur
serious burns. These new cases were
convulsive: during seizures of grand mal
epilepsy the patient was in a coma, un-
able to withdraw from the fire until help
came. The epilepsy had followed a tape-
worm infection from newly imported
gift pigs. The people had already no-
ticed the cysts in the flesh of the pigs.
The larvae sometimes infest the human
brain; now the hygiene of the village has
changed, and the slow baking of succu-
lent underdone pork is giving way to a
less subtle cuisine.

Kuru, the chronic degenerative dis-
ease spread by a new rise of cannibalism
mainly among the ceremony-conscious
women of the Fore people of New
Guinea, is soon to be gone. No one born
after the cannibal mourning fashion
ceased has ever got kuru. It is down to
zero in those under 19; only the older
people still show the slow progress of
the agent ingested many years back. In
1971 an epidemic cretinism and goiter
appeared in the Jimi River valley of
Papua. Cheap, uniodized trade salt had
replaced the scarce salt from the tradi-
tional mineral springs, the only source
of iodine for the “severely depleted but
still asymptomatic populace,” a people
utterly ignorant of the sea. D. Carleton
Gajdusek, whose extraordinary experi-
ences with transient medical wonders
these are, holds a minority view of ac-
culturation: the faster the better.

If the hunter-gatherer life is so adap-
tive (a million years of steady state, we
think), why are its people generally
small? (Exceptional men reach five feet
nine inches.) Why are they apparent-
ly short-lived? If the population size
is balanced, what controls population
growth? These questions are asked by a
medical ethnographer of Case Western
Reserve University, Betsy Lozoff. She
has taken a portable laboratory and a
data-recording computer into the field
to seek answers in swift, rich, unobtru-
sive studies of social events, nutrition
and blood. Answers were offered by
many but with little agreement so far;
there is much to learn, if we can some-
how manage to do less harm.

READING DISABILITIES: AN INTERNA-
TIONAL PERSPECTIVE, edited by Les-
ter Tarnopol and Muriel Tarnopol. Uni-
versity Park Press, Baltimore ($14.50).
Take the crudest measure, the difference
between the grade in arithmetic and that
in the Czech language, and some 2 per-
cent of all the schoolchildren in Prague
show a specific disability in reading,
“below the standards which their abili-
ties in other spheres would lead one to
expect.” So it runs for the 18 countries
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here reporting, each in a chapter by a
concerned specialist in the problem. The
idea of dyslexia, or word blindness, still
by no means sharply or convincingly de-
fined, goes back at least to the 1880’s.
Putting aside children with general men-
tal retardation, it appears that one child
in about 30 quite universally is in real
reading trouble. In the U.S., heteroge-
neous in every way, with strong class
differentiation arid areas of shameful
discrimination, this number is easy to
augment by adding the emotionally dis-
turbed and the children with a desperate
environment, 10 percent or more. The
various countries that report a lower in-
cidence see some connection with the
languages themselves; phonetic Czech,
with its unique diacritical marks, and
ideographic Chinese seem less likely to
induce trouble than ambiguous and dis-
orderly English. English-speaking coun-
tries do seem to be more affected, but
there is no doubt a strong influence of
the rich American studies in the area,
studies accompanied by impressive psy-
chometric test scores and statistical
treatment.

It is interesting to read the experiences
of Argentina, Canada, China, Denmark,
Germany, Norway and a dozen more,
including the U.S. (particularly Califor-
nia). Everywhere the problem is multi-
ple, everywhere no panacea works, ev-
erywhere there is need for insightful,
improvisatory, hopeful teachers. (A
“specific teaching disability” is no rare
disorder either.) One comes away with a
feeling of honest and sympathetic grop-
ing, with some empirical success but lit-
tle clarity.

The notion that a perceptual difficulty
is at the bottom is strong; the inverted
letters and the trouble with copying and
a dozen little exercises suggest it strong-
ly. But it is not yet clearly made out, any
more than the effect of nonphonetic lan-
guages is clear. The special phonetic al-
phabet used for initial teaching in a well-
known British program proved no sig-
nificant help for the weakest 10 percent
of readers and spellers. The Czechoslo-
vak psychologist Zdan€k Mat&jcek “af-
ter many years of experience” concludes
that the “single most difficult task is to
create a general psychotherapeutic at-
mosphere of understanding.” He is opti-
mistic still.

The problems of bright nonreaders
show something in common with the
reading problems of the retarded. This
fact has been wused, perhaps even
abused, to imply that a kind of marginal
deficiency is involved. Perhaps, rather,
the joint problem will help to unravel
the reading task itself, a subtle, widely
mastered perceptual and interpretative
quasi-linguistic skill for which we were
certainly not evolved. This is a book
with many more questions than an-
swers, good background for those who
would move ahead.
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Enhanced-Radiation Weapons

Although President Carter has deferred production of “‘the neutron

bomb,” it is still an alternative of U.S. policy. It remains a weapon

of doubtful utility that could result in an all-out nuclear exchange

he enhanced-radiation warhead

(or, as it is widely and somewhat

misleadingly known, the neutron
bomb) is the latest development in the
U.S. military’s search for a ‘“cleaner,”
more usable nuclear weapon. This new
type of warhead, which could be avail-
able in some versions by 1979, is de-
signed to kill more enemy soldiers per
kiloton of explosive yield detonated
over the battlefield than the types of
nuclear weapon currently deployed for
that purpose, while minimizing collater-
al, or unintended, damage to buildings,
the countryside, friendly soldiers and
nearby noncombatants.

Many military officers contend that
by using these more precise and refined
enhanced-radiation warheads a “limit-
ed nuclear war” could be kept limited,
its damage virtually confined to the bat-
tlefield. The enhanced-radiation war-
head, like the generation of tactical nu-
clear weapons that preceded it, is in-
tended for use in a European ground
war between the nations of the North
Atlantic Treaty Organization (NATO),
including the U.S., and the nations of
the Warsaw Pact, including the U.S.S.R.
The Carter Administration’s military
budget for the fiscal year 1979 allocates
unprecedentedly high expenditures for
U.S. forces committed to the European-
war contingency. The new tactical nu-
clear weapon therefore merits detailed
discussion, particularly in view of the
extraordinary notice given the weapon
and the various misunderstandings that
have arisen as a result. How did the
weapon come into being? How does it
work? What are its effects? What is its
military utility? Should it be produced
and deployed?

It is important to emphasize at the
outset that there is nothing new about
the notion of a neutron bomb. The pos-
sibility of developing a tactical nucle-
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by Fred M. Kaplan

ar weapon of this type was recognized
soon after the invention of the hydro-
gen, or fusion, bomb in the late 1940’s.
A few scientists engaged in nuclear-
weapons development, principally at
the Lawrence Livermore Laboratory,
worked on the concept of an enhanced-
radiation warhead throughout the 1950’s
and 1960’s, and they and others were
politically active on behalf of its further
development and deployment.

It was not until the early 1960’s, how-
ever, that Secretary of Defense Rob-
ert S. McNamara ordered a general
study of the prospects of tactical nuclear
weapons. On the basis of that study and
various simulated war games he con-
cluded that a European-theater nuclear
war would be a losing battle for both
sides. Millions of civilians would die,
and the use of such weapons would
not necessarily turn a European war to

NATO’s advantage. Far from serving
as substitutes for manpower and conven-
tional firepower, tactical nuclear weap-
ons would necessitate higher manpow-
er levels, so that the NATO soldiers
who would be killed as a result of the
U.S.S.R.’s nuclear retaliation could be
readily replaced. In fact, it was decided
that since the Warsaw Pact forces plan
to reinforce front-line troops in echelon
style, whereas the NATO forces plan
for individual replacements within ex-
isting division structures, a European-
theater nuclear war would probably fa-
vor the U.S.S.R. and its allies, even if
NATO possessed more or “better” nu-
clear weapons.

Moreover, the risk of escalation to
an all-out strategic nuclear war between
the U.S. and the U.S.S.R. as a result of
such a strategy was held to be too great,
primarily for two reasons. First, the
“firebreak” between conventional and

SOME EFFECTS of three different types of tactical nuclear weapon are indicated in the ideal-
ized scenes on the opposite page. The setting in all three cases is a semirural area in West Ger-
many, where military officials of the North Atlantic Treaty Organization anticipate an inva-
sion by the forces of the Warsaw Pact nations. Each salient of such an offensive would presum-
ably be led by an attacking force of hundreds of Russian tanks, which in such situations are
expected to move in two or three echelons with the tanks in the first echelon spaced approxi-
mately 75 to 100 meters apart. An echelon of this kind is shown just to the right of center in
each scene; a second echelon follows three kilometers behind the first at the upper right. In all
three cases a Lance missile bearing a tactical nuclear warhead has been launched against the
first echelon of Russian tanks by NATO forces located some 130 kilometers away. The scene
at the top shows the estimated blast and thermal effects (black) and prompt-radiation effects
(color) of a nuclear-fission warhead with a one-kiloton explosive yield detonated on target at an
altitude of 500 meters. The middle and bottom scenes respectively show the corresponding ef-
fects for a 10-kiloton fission warhead and a one-kiloton enhanced-radiation fission-fusion war-
head (the neutron bomb). In all three cases the inner black circle delineates the extent of the
blast damage resulting from a shock wave with an overpressure of five pounds per square inch,
enough to destroy most buildings. The outer black circle corresponds to a thermal-radiation ex-
posure sufficient to cause second-degree burns to unprotected people in the open. The inner
colored circle shows the limit of the area exposed to at least 8,000 rads of prompt radiation
(mostly neutrons), enough to cause “immediate permanent incapacitation” of soldiers or, given
current tank-protection factors, “immediate transient incapacitation” of tankmen. Outer col-
ored circle corresponds to a prompt-radiation dose of 150 rads, enough to kill about 10 percent
of the exposed individuals and cause a high incidence of cancer in survivors. Distance scale is giv-
en at top right in first panel. Effects of residual radiation (radioactive fallout) are not shown.
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FUSION MATERIAL (HYDROGEN ISOTOPES)

‘ FISSION MATERIAL (U-235 OR PU-239)

LENSES

EXPLOSIVE CHARGES

BOOSTER JACKET (U-238)

TWO TYPES OF FISSION-FUSION WEAPON are compared in these highly schematic dia-
grams. In both cases a set of chemical explosive charges detonates the weapon, causing fission
reactions in its core that in turn trigger fusion reactions in a surrounding layer. The standard
fission-fusion device (/ef?) is enclosed in an additional jacket of uranium 238, a nonfissionable
isotope that boosts the weapon’s explosive yield considerably by capturing many of the fast
neutrons (solid colored arrows) released by the fusion process. The U-238 nuclei then fission,
emitting large numbers of much slower “thermal” neutrons (broken colored arrows). Most stra-
tegic nuclear weapons are based on this c pt. The enhanced-radiation warhead (right) omits
the U-238 jacket. In effect a greater proportion of fast neutrons are rel d by the enh d

radiation weapon at the expense of explosive yield. Slow neutrons are captured by atomic nu-
clei in the air much more readily than fast neutrons. Hence beyond a short range the enhanced-
radiation warhead produces many more neutrons than a standard fission-fusion warhead.

nuclear warfare was at that time clear;
trying to blur the distinction between
tactical and strategic nuclear war would
create considerable ambiguity, leading
to mutual suspicion, tension and pos-
sibly to preemptive strategic nuclear
strikes. Second, the U.S.S.R. had many
nuclear-armed intermediate-range bal-
listic missiles (IRBM’s) deployed in its
territory, some of them in the same ar-
eas occupied by intercontinental ballis-
tic missiles (ICBM’s); the temptation
weuld be great in the early stages of
such a European-theater nuclear war
for NATO to preemptively knock out
those IRBM’s inside the U.S.S.R., pos-
sibly triggering a strategic nuclear ex-
change between the two superpowers.

After weighing these considerations
McNamara turned to a policy of build-
ing up conventional, or non-nuclear,
war-fighting capabilities, and he put off
spending money on a new generation of
tactical nuclear weapons. (He did accept
the nuclear-armed Lance missile, how-
ever, because of its longer range and
consequent reduced vulnerability.) Dur-
ing Melvin R. Laird’s term as Secretary
of Defense more money was allocated
to develop a new generation of tactical
nuclear weapons, but the negative atti-
tude toward the modernization of tac-
tical nuclear weapons essentially pre-
vailed until James R. Schlesinger be-
came Secretary in 1973.

During Schlesinger’s earlier tenure as
Chairman of the Atomic Energy Com-
mission he had shown considerable en-
thusiasm for tactical nuclear weapons.
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By the time he was appointed Secretary
of Defense, however, his interest ap-
peared to have lessened. Still, Schles-
inger apparently felt compelled to make
some concessions to the advocates of
tactical nuclear weapons, an assortment
of converging interests that included
the Atomic Energy Commission, the
Congressional Joint Committee on
Atomic Energy, the weapons laborato-
ries, certain military departments and
the Atomic Energy Division of the Of-
fice of the Secretary of Defense. Schles-
inger, who had little bargaining power
in the White House during the Nixon
and Ford administrations, had to man-
age his own complex coalition. To gain
support from these disparate interests
for his plans to further build up conven-
tional forces for NATO, he gave them
money for the modernization of tactical
nuclear weapons.

The coalition in favor of a moderniza-
tion program for tactical nuclear weap-
ons was actively aided by Schlesinger’s
own emphasis on enlarging the range of
U.S. “options” innuclear-force planning.
Thanks in part to new technologies,
such as highly accurate inertial-guid-
ance systems for missiles, Schlesinger
reprogrammed strategic nuclear weap-
ons to have “selective strike” capabili-
ties and greater “flexibility,” creating
new “target packages” that were far
more diversified than those available to
the defense planners of the preceding
decade. Along with the expansion of
strategic options, he ordered an increase
in the available options for fighting a
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European-theater nuclear war. This new
emphasis gave what appeared to be offi-
cial support to those military officers
who were beginning to think seriously
about the possibility of fighting and win-
ning a limited nuclear war and about the
necessity, under such circumstances, of
limiting collateral damage.

Meanwhile the development of the
Sprint anti-ballistic-missile (ABM) sys-
tem at the Los Alamos Scientific Labo-
ratory in the mid-1960’s and the subse-
quent ban on further ABM production
imposed by the SALT I treaty of 1972
led some weapons-laboratory scientists
to think about reducing the yield of the
Sprint warheads to adapt them for use
as tactical nuclear weapons. (Sprints
were short-range nuclear-armed anti-
missile missiles designed to be detonat-
ed in the atmosphere, depending pri-
marily on neutrons rather than X rays
for their effectiveness.) All these various
interests—of the armed services, the
weapons laboratories, the Congressio-
nal committees and the Department of
Defense—have converged to create the
present situation.

Today enhanced-radiation nuclear
warheads are being developed for
the Lance missile and for the eight-inch
artillery shell. An enhanced-radiation
warhead for the 155-millimeter artillery
shell is also in prospect, although it still
appears to be in the early stages of de-
velopment. (At least one of these war-
heads, probably the one for the Lance,
has already been tested at an under-
ground site near Las Vegas.) Currently
deployed Lance warheads have explo-
sive yields ranging from one kiloton to
100 kilotons; the charges of the eight-
inch nuclear shells range from five to
10kilotons. The new enhanced-radiation
version of the Lance warhead will have
two yields, which can be preset simply
by pushing a few buttons; one yield is
considerably smaller than a kiloton and
the other is slightly larger than a kiloton.
The eight-inch enhanced-radiation shell
will have three yields, ranging from sub-
stantially under a kiloton to roughly two
kilotons.

The effects of a nuclear explosion
consist of blast (a shock wave of over-
pressure), thermal radiation (heat),
prompt radiation (mostly neutrons and
gamma rays) and residual radiation
(radioactive fallout resulting from de-
caying fission products). The energy re-
leased from a fission explosion is divid-
edintoseveralfractions: typically 50 per-
cent blast, 35 percent thermal radiation,
5 percent prompt radiation and 10 per-
cent residual radiation. In a hypothet-
ical pure-fusion weapon the effects
would be 20 percent blast and ther-
mal radiation, 80 percent prompt radi-
ation (mostly neutrons) and compara-
tively little residual radiation (the pre-
cise amount depending on the charac-
teristics of the soil under the explosion).



The fusion reaction that takes place be-
tween ions of deuterium and tritium
(two heavy hydrogen isotopes) is accom-
panied by the liberation of very-high-
energy, or fast, neutrons. The energy of
these neutrons is about 14 million elec-
tron volts (MeV), which is substantially
more than the still quite fast 2-MeV
neutrons released by a typical fission re-
action. Neutrons are slowed down and
eventually captured by debris from the
weapon itself, by objects in their path
and by the air. The faster the neutrons
are, the more collisions they experi-
ence before being completely captured.
Moreover, fusion produces 10 times
more neutrons per kiloton of explosive
yield than fission does. Thus neutrons
released from a fusion weapon are high-
er in radiation intensity, and penetrate
greater distances before being complete-
ly absorbed, than those released from a
fission weapon.

The present incarnation of the en-
hanced-radiation warhead is a fis-
sion-fusion weapon. The fission-fusion
mix differs slightly between the Lance
device and the eight-inch device, but the
detonating process is the same in both of
them. When the weapon is detonated,
the fission reaction triggers a fusion re-
action, which in turn releases many fast
neutrons. That is why the enhanced-ra-
diation warhead is often called a neu-
tron bomb. The term is correct in the
sense that the enhanced-radiation war-
head releases many more neutrons than
other weapons of equivalent yield. It is
misleading, however, in that the war-
head’s detonation also releases a great
deal of energy in forms other than neu-
trons. (In fact, any nuclear weapon
smaller than about two kilotons could
be called a neutron bomb in the sense
that at ranges corresponding to the le-
thal radius of the weapon, even if it were
completely a fission one, the energy re-
leased in the form of prompt radiation
would be greater than the fraction that
goes into blast and thermal radiation,
and prompt radiation in the form of
neutrons would dominate prompt radia-
tion in the form of gamma rays. If such
a weapon were exploded in the air at
a height of several hundred meters, it
would cause only slight blast and ther-
mal effects on the ground, even though
the damage from neutrons would still be
substantial.)

The enhanced-radiation warhead is
not close to being a pure fusion weapon.
In terms of explosive yield the subkilo-
ton and one-kiloton enhanced-radiation
warheads for the eight-inch artillery
shell are roughly 50-50 fission-fusion
devices. The enhanced-radiation ver-
sion of the Lance warhead is about 60
percent fusion and 40 percent fission.
The two-kiloton eight-inch enhanced-
radiation shell is between 70 and 75 per-
cent fusion. The energy released from
the Lance and the lower-yield eight-inch

enhanced-radiation weapons is divided
approximately into 40 percent blast, 25
percent thermal radiation, 30 percent
prompt radiation and 5 percent fallout.
The highest-yield eight-inch enhanced-
radiation shell produces about 10 per-
cent more prompt radiation and slightly
less blast, thermal radiation and resid-
ual radiation. In other words, the en-
hanced-radiation warhead promises to
be neither the collateral-damage-free
weapon that its supporters see nor the
“ultimate capitalist weapon” (destroy-
ing only people, not property) that many
people in peace groups fear.

The fundamental distinction between
the enhanced-radiation warhead and
other, more fission-dominated nuclear
weapons of very low yield is that the
former releases many more and much
faster neutrons. Of the energy released
by the Lance and the lower-yield eight-
inch enhanced-radiation weapons, six
times as much is in the form of prompt
radiation than is the case in a fission
warhead of equivalent yield; in the high-
est-yield eight-inch enhanced-radiation
shell the energy available for prompt ra-
diation (particularly neutrons) is report-
ed to exceed that of fission weapons by
as much as 10 times.

There is also a distinction, apart from
the number of kilotons, between the en-
hanced-radiation warhead and fission-
fusion weapons of higher yields. Stan-
dard fission-fusion weapons (including
most strategic nuclear weapons) are

surrounded by a “jacket” of uranium
238 that boosts the weapon's explosive
yield; the jacket captures or considera-
bly attenuates the fast neutrons released
by the fusion process. Since enhanced-
radiation weapons by definition call for
very low thermal yields and the release
of many fast neutrons, an enhanced-ra-
diation warhead has no U-238 jacket.

What. then, is the military mission
of the enhanced-radiation war-
heads supposed to be? The chief con-
cern among many NATO military offi-
cials is the possibility of a Russian-led
Warsaw Pact blitzkrieg across the north-
ern plains of West Germany. Russian
military doctrine and the deployment of
Russian forces suggest that such an at-
tack, if it were launched, would involve
the onslaught of thousands of tanks as
the prime mover of the offensive. Some
military planners believe that an attack
of this type, particularly if it were mobi-
lized with little warning time, could not
be met by NATO without the use of
nuclear weapons. (This contention is
vigorously disputed.) For several years
some U.S. military officers have criti-
cized the “impracticality” of most of the
tactical nuclear weapons currently de-
ployed in Western Europe, drawing at-
tention in particular to their compara-
tively high yields, some of them much
higher than the yield of the 20-kiloton
bomb that destroyed much of Nagasa-
ki at the end of World War II. Such
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high-yield weapons would be effective
for stopping Russian tanks, but they
would also kill or severely injure many
NATO soldiers and German civilians
and would devastate much West Ger-
man territory. Moreover, the effects of
induced and residual radiation could
make the occupation and recovery of
the affected territory a lethal prospect
for some time.

With the enhanced-radiation weapon
the military has hit on a different tactic:
to kill the Warsaw Pact soldiers inside
the tanks instead of destroying the tanks
themselves. This result, they say, is pos-
sible with the high neutron flux generat-
ed by the enhanced-radiation weapons.

Radiation doses are measured in rads,
one rad being the absorbed dose of any
nuclear radiation accompanying the lib-
eration of 100 ergs of energy per gram
of irradiated material. If tactical nuclear
weapons are to be useful in a war, they
must kill their intended victims as quick-
ly as possible. “Immediate permanent in-
capacitation,” according to recent U.S.
Government tests conducted with rhe-
sus monkeys, requires 8,000 rads. Since
modern tanks have a radiation-protec-

tion factor of roughly .5, tanks must be
exposed to 16,000 rads instantaneously
if NATO’s aims are to be optimally
achieved. Recently, however, the NATO
military doctrine has been revised to
read that “immediate transient incapac-
itation,” which requires only 2,500 to
3,500 rads (or, given tank protection,
5,000 to 7,000 rads), may be sufficient
to neutralize invaders for military pur-
poses.

Within five minutes a person exposed
to 8,000 rads is incapacitated, and he
remains incapable of performing physi-
cally demanding tasks until his death,
which occurs within a day or two. A
dose of 3,000 rads also incapacitates
within five minutes, but the victim may
partially recover within 30 minutes; still
he remains a doomed man until his
death four to six days later. He may also
remain a helpless man, but maybe not.
(It turns out that this uncertainty has
significant military implications.) Expo-
sure to 650 rads functionally impairs
a human being within two hours, and
he may respond to medical treatment;
more likely a painful, lingering physical
deterioration ends in death within a cou-

NAME OF NUMBER OF | EXPLOSIVE | MAXIMUM
DELIVERY WARHEADS YIELD RANGE
SYSTEM IN EUROPE | (KILOTONS) | (MILES)
HONEST JOHN MISSILE 196 20 25
PERSHING MISSILE 180 60-400 450
LANCE MISSILE 80 1-100 70
SERGEANT MISSILE 56 LOW 85
PLUTON MISSILE 24 15-25 75

g SSBS-2 MISSILE 18 150 1,875

Z | M-110 EIGHT-INCH HOWITZER SHELL 360 5-10 10
M-115 EIGHT-INCH HOWITZER SHELL 27 5-10 10
M-109 155-MILLIMETER HOWITZER SHELL 691 Low 10
SS-4 SANDAL MISSILE 500 1,000 1,200

. | 555 SKEAN MISSILE 100 1,000 2,300

g S$S-20 MISSILE 20(X3) ? 3,000

3 | 55-1b SCUD A MISSILE ? 50

g S$S-1c SCUD B MISSILE 880 2 180

2 | s5-12 SCALEBOARD MISSILE >1,000 500
FROG 3-7 MISSILE 650 ? 45
M-55 203-MILLIMETER HOWITZER SHELL | ? ? 18

TACTICAL NUCLEAR WEAPONS currently deployed in Europe by the NATO countries
(including the U.S.) and the Warsaw Pact countries (including the U.S.S.R.) are listed in black
type in this table. The new enhanced-radiation weapons proposed by the U.S. for the NATO
arsenal are listed in colored type. The enhanced-radiation version of the Lance missile would
have two possible yields, one somewhat less than a kiloton and the other slightly more. The en-
hanced-radiation version of the eight-inch shell would have three yields available, ranging
from substantially less than one kiloton to roughly two kilotons. The Russian SS-20 intermedi-

ate-range ballistic missile (IRBM) carries three indep
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dently targetable nuclear warheads.
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ple of weeks, a gruesome prospect, to be
sure, but perhaps enough of a respite for
the victim to fight on for some time.
These results are due to the ionizing
effects of neutrons colliding with pro-
tons inside living cells. Ionization breaks
down chromosomes, swells cell nuclei,
increases the viscosity of the cell fluid,
enhances cell-membrane permeability
and destroys cells of all kinds, particu-
larly those of the central nervous sys-
tem. Moreover, exposure to ionizing ra-
diation delays or destroys the process of
mitosis, a long-term genetic effect that
inhibits normal cell replacement.

n effect, enhanced-radiation weapons
distribute given rad doses over larger
areas, compared with fission weapons of
an equivalent or even somewhat high-
er yield. For example, anyone within a
375-meter radius of a one-kiloton fission
explosion (and anyone within a 630-me-
ter radius of a 10-kiloton fission explo-
sion) would be exposed to at least 8,000
rads. If a one-kiloton enhanced-radia-
tion warhead were exploded instead, the
8,000-rad circle would widen to a radius
of 850 meters. Thus a one-kiloton en-
hanced-radiation warhead could poten-
tially kill about twice as many tankmen
as a 10-kiloton fission weapon, but the
blast damage to an area would be only
about a fifth as large.

This feature is of course the main sell-
ing point for the enhanced-radiation
warhead from the perspective of NATO
military officers. The key is that the new
weapon can substantially reduce the
collateral damage of a nuclear explo-
sion, meaning that blast, thermal radia-
tion and fallout effects will be less domi-
nant. This sounds all to the good at first.
Nevertheless, it is misleading to assume,
as some of the weapon'’s advocates seem
to have done, that with this new genera-
tion of tactical nuclear weapons a Euro-
pean-theater nuclear war can now be
safer and more easily managed than was
once thought possible.

For one thing, it takes two sides to
fight a “limited nuclear war,” and the
Russians seem to have neither the abili-
ty nor the disposition to join in. Of the
3,500 tactical nuclear weapons they have
deployed to strike targets in the Euro-
pean theater (compared with NATO’s
7,000) the majority are thought to have
a yield in excess of 20 kilotons, and
about 600 of the Russian missiles have a
yield of between 500 kilotons and three
megatons. The Warsaw Pactnations’ tac-
tical nuclear missiles are far less accu-
rate than NATO’s, making the selec-
tive-strike tactics necessary for effective
damage-limiting war-fighting strategies
difficult if not impossible for them to
accomplish. Russian military doctrine
does not seem to recognize any fine dis-
tinction between different types of tacti-
cal nuclear war, as U.S. military plan-
ning often does. Indeed, most of the



RUSSIAN MAIN-BATTLE TANK, designated the T-62, was pho-
tographed during a military parade in Red Square in Moscow. The

Russian writings on the subject assume
the inevitability of escalation, drawing
no distinction between tactical nuclear
war and all-out strategic nuclear war.
In discussing a European-theater nucle-
ar war such writings make virtually no
mention of pinpoint accuracy and selec-
tive targeting except occasionally to
hold them up to ridicule. A mass bar-
rage punching wide holes in NATO’s de-
fenses, followed by a breakthrough with
heavy tanks (whose structure and sur-
face materials provide some protection
against nuclear effects), seems to be the
kind of mission envisioned for tactical
nuclear weapons from the viewpoint of
the U.S.S.R.

f NATO were to use enhanced-radia-

tion weapons against Warsaw Pact
tanks, the Russians would almost cer-
tainly strike back with nuclear weapons
of their own. As a US. Army intelli-
gence study of Russian military opera-
tions notes: “Should the first echelon [of
tanks in an offensive] collapse, a series
of counterattacks will be instituted, co-
ordinated with all combat units to in-
clude...nuclear strikes.” The Russians
would probably not be very concerned
about collateral damage to the West
German civilian population; even if
they were, the high yield and poor accu-
racy of their weapons would keep them
from doing much about the unavoidable
consequences.

Even before the virtually certain Rus-
sian nuclear retaliation the damage
caused by NATO'’s use of enhanced-ra-
diation warheads would be substantial,
regardless of the presumed limitations
of the blast, thermal and fallout effects
of individual weapons. The posture
statement of the U.S. Department of
Defense for the fiscal year 1977 states
that if nuclear weapons were used in Eu-

rope, such action “should...induce the
Soviet Union to terminate the conflict
quickly. ... It should be done with deci-
siveness and shock effect to cause the
Soviets to reconsider their activities.”
To achieve such a shock effect NATO
would have to do more than stop a small
number of tanks; much more damage
would certainly be needed to make a
dramatic impression on the Russian
leaders.

How much more damage might that
be? When Russian tanks are beginning
an offensive, they move in two eche-
lons (three under some circumstances).
Tanks in the first echelon are spaced 75
meters apart in non-nuclear situations
and 100 meters apart in nuclear situa-
tions. The second echelon moves up
about three kilometers behind the first.
The Warsaw Pact has some 20,000
tanks deployed for the central region of
Europe, where the first battle of a
NATO/Warsaw Pact war would proba-
bly be fought. Assertions by U.S. Army
officers that the enhanced-radiation
warhead causes little collateral damage
are contingent on the weapon’s being
used in highly selective, even individual,
strikes. Yet if NATO wanted to stop an
impressive fraction of the first-echelon
tanks, that is, if the enhanced-radiation
weapons are to be at all useful militari-
ly, the action would call for a barrage of
many hundreds or even thousands of
nuclear weapons. They would most like-
ly include not only low-yield enhanced-
radiation weapons but also low-yield
and medium-yield fission weapons. Un-
der such circumstances much radioac-
tivity could be induced in the soil, par-
ticularly if some of .the weapons were
accidentally to detonate on or near the
ground. In any event the number of fa-
talities and irradiated “walking ghost”
casualties would be very high even if the
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Warsaw Pact forces are estimated to have 20,000 heavy tanks (most-
ly T-62’s but also older models) deployed in the European theater.

nuclear war could be kept quite limited.

The enhanced-radiation warheads
might reduce the collateral damage
caused by blast and thermal radiation,
but they would increase the damage
caused by prompt radiation. Exposure
even to comparatively small doses of ra-
diation can have grave consequences for
human beings, and enhanced-radiation
warheads would extend the distance
within which people are exposed to dan-
gerous doses. For example, 10 percent
of the people exposed to 150 rads will
die from radiation sickness, and Hiro-
shima and Nagasaki survivors exposed
to 150 rads showed a disproportionately
high incidence of breast cancer. Expo-
sure to only 30 rads doubles the muta-
tion rate in progeny, and defective genes
can be expected to appear for 10 genera-
tions. The inhabitants of the Marshall
Islands who were exposed to a mere 14
rads as a result of U.S. nuclear testing in
1954 later developed thyroid nodules,
cancers and leukemia.

A one-kiloton enhanced-radiation
warhead releases 150 rads out to a dis-
tance of 1.7 kilometers, 30 rads out to
2.1 kilometers and 14 rads out to 2.3
kilometers. These effects can be com-
pared respectively with 900, 1,170 and
1,300 meters for a one-kiloton fission
weapon and 1,285, 1,570 and 1,700 me-
ters for a 10-kiloton fission weapon.

ith the enhanced-radiation war-

head the collateral damage caused
by prompt radiation would be even
more extended. For radiation damage
caused by gamma rays there is thought
to be a threshold rad level below which
no biological damage is caused. No such
threshold is believed to exist for neutron
radiation. Furthermore, in terms of ge-
netic damage, leukemia and cataract of
the eye, the biological effects from neu-
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trons are about six times greater than
those from gamma rays. Thus as few as
one or two rads of neutron radiation
could cause leukemia and cancers. Ex-
posure to a mere five rads could double
the mutation rate in the progeny of
those exposed. If a single neutron col-
lides with a strand of DN A in a sperm or
egg cell, the probability of irreparable
long-term genetic damage is high.

In other words, the notion that en-
hanced-radiation weapons are fairly be-
nign to people on “our side” is highly
questionable. Both NATO combatants
and friendly noncombatants are likely
to suffer much harm. The hazard to the
noncombatants is increased by the fact
that the eastern lands of West Germany
have become highly urbanized.

The military utility of the enhanced-
radiation warhead is questionable on an
even more elementary level. Except for
the tankmen who were fairly close to the
actual detonation the exposed enemy
personnel would remain alive for hours,
days or even weeks; many of them could
fight on, perhaps even more aggressively
than before because of their knowledge
that death from radiation was certain.
Of course, NATO could accommodate
to this problem by setting off a much
larger number of enhanced-radiation
weapons. Since the alleged virtues of
the enhanced-radiation warhead stem
mainly from its capability for precise,
selective, limited strikes, however, this
kind of massive barrage would under-
cut the entire rationale of the weapon.
Besides, armor-penetrating neutrons
would not make a tank so radioactive as
to exclude the possibility of other tank
crews’ replacing those exposed to radia-
tion. The tanks could drive on.

The effective use of these weapons
also assumes a massive concentration of
tanks. Yet it is a safe assumption that the
NATO nations would not order the fir-
ing of any nuclear weapons unless the
Warsaw Pact nations had first exhausted
and overrun NATO’s non-nuclear de-
fenses. Even if the Russians had concen-
trated their tanks in the initial phases of
the offensive, they would almost cer-
tainly disperse their armored forces af-
ter breaking through the NATO front-
line defenses. (In fact, their writings
on tactical operations suggest that this
is exactly what they would do.) Under
such conditions many thousands of en-
hanced-radiation warheads would have
to be employed to immediately incapac-
itate the occupants of a significant num-
ber of Warsaw Pact tanks, again nullify-
ing the alleged virtues of the enhanced-
radiation weapon.

In spite of the apparently minimal
military utility of enhanced-radiation
weapons, the U.S. Department of De-
fense justifies them on the grounds that
“if NATO ‘arsenals contained the neu-
tron warhead, opposing countries would
be aware of NATO’s ability to defend
itself with less damage; this could be a
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deterrence to attack.” Although the De-
partment of Defense does not explicitly
state that this weapon would enhance
deterrence, the implication is that the
Russians might think NATO would be
more likely to use the enhanced-radia-
tion weapons than the older, more fis-
sion-dominated weapons.

ere three comments should be
made. (1) Even without the threat
of enhanced-radiation weapons the Rus-
sians would be taking a big risk in at-
tacking, since the U.S. has consistently
refused to adopt a policy of not being
the first to fire nuclear weapons. (2)
Enormous damage would result from
NATO’s use of enhanced-radiation
weapons, to say nothing of the damage
that would be caused by a virtually cer-
tain Russian nuclear retaliation. (3) Al-
though the topic is much too complex to
treat in detail here, there is no reason to
believe that NATO is incapable of de-
fending Western Europe without resort-
ing to nuclear weapons. Conventional
firepower ratios between NATO and the
Warsaw Pact nations are virtually even,
and it is a well-known maxim that an
attacker requires substantial superiori-
ty. The often-mentioned superiority of
the Warsaw Pact nations in number of
tanks is offset by the advantage NATO
holds in superior antitank weapons, par-
ticularly with the recent advances in
precision-guided munitions and remote-
ly piloted vehicles. Weapons of both
new types have greater ranges than the
guns on Russian tanks, and both can, in
the words of a U.S. Army field manual,
“hit what they see, kill what they hit.”

Military training in the U.S.S.R. and
the other countries of Eastern Europe is
notoriously poor and extremely rigid.
The political reliability of the Czecho-
slovak and Polish divisions, at least for
offensive warfare, is doubtful. Tactics
and strategy in the Warsaw Pact armies
rely heavily on the tank, which is be-
coming an increasingly vulnerable and
obsolete weapons system. Moreover,
the numerous surprise-attack scenarios
circulating these days do not take into
account the low readiness levels of the
Warsaw Pact armies, the hundreds of
ways intelligence agencies can observe
and track signs of mobilization, the de-
ficient Russian logistics network and
many other weaknesses in the Russian
war machine.

This is not to say that there is no room
for improvement in NATO. Various
maldeployments of forces could be cor-
rected; lines of communication could be
moved farther back, away from the for-
ward edge of the battle area; more con-
ventional antitank weapons could be de-
ployed; airfields could be more widely
dispersed; more aircraft could be de-
ployed at “hardened” sites. The present
U.S. Administration appears to be ad-
dressing itself to these problems. Since
some of these tasks call for very sub-
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stantial expenditures, it seems wasteful
to spend large sums on such weapons as
the enhanced-radiation warhead.

The costs of producing enhanced-
radiation warheads would be enormous.
The eight-inch enhanced-radiation artil-
lery weapon will cost about $900,000
per shell (including the costs of the pro-
jectile, the casing and so forth). The en-
hanced-radiation version of the Lance
missile is expected to cost only slightly
less. Instead of buying two rounds of
eight-inch enhanced-radiation shells
the U.S. could obtain, say, three M-60
main-battle tanks, 50 or so advanced
non-nuclear antitank weapons or more
than 5,500 rounds of conventional artil-
lery shells. In other words, if the U.S.
decides to invest in enhanced-radiation
devices, NATO will be acquiring an
extraordinarily costly weapon that will
probably never be used at the expense
of comparatively cheap weapons that
would markedly improve NATO’s de-
fense posture. Assuming that the Rus-
sians dispersed their tanks widely and
that they adopted certain measures
against neutron radiation, then conven-
tional antitank weaponry would proba-
bly be both cheaper and militarily more
effective.

It remains true that the enhanced-
radiation warhead could do as much
damage to an attacking force as higher-
yield weapons without causing as much
collateral damage. Against this clear
advantage, however, one must take into
account the enormous damage that
would ultimately result from any intro-
duction of nuclear weapons into a con-
ventional war. It might also be said
in favor of enhanced-radiation devices
that, as the systems of this new genera-
tion of tactical nuclear weapons are cur-
rently planned, they incorporate fea-
tures other than enhanced radiation.
They will have a longer range (about
130 kilometers for the enhanced-radia-
tion version of the Lance), improved
command-control communication sys-
tems and securer lock mechanisms.
These added features would probably
have a stabilizing effect in that they
would make tactical nuclear weapons
less likely to be overrun by a conven-
tional Warsaw Pact attack and less sus-
ceptible to accidental firing. Neverthe-
less, these features could easily be in-
corporated in the present generation of
tactical nuclear weapons; the enhanced-
radiation feature is not necessary for
such purposes.

he enhanced-radiation warhead is a

particularly dangerous weapon in-
sofar as it might mislead anyone into
believing that its deployment would
make it possible for nuclear warfare to
be safely limited and tightly controlled;
in this sense its very deployment could
lower the threshold separating conven-
tional warfare from nuclear warfare.
Enhanced-radiation weapons are no



more (and perhaps they are less) “hu-
mane” than chemical weapons, whose
first use has long been outlawed by in-
ternational treaty. Moreover, the en-
hanced-radiation warhead has little
more military utility than any other type
of low-yield nuclear weapon. Finally, to

the extent that the U.S.S.R. believes the
U.S. will use enhanced-radiation weap-
ons in a European ground war, their de-
ployment invites a preemptive Russian
nuclear attack in any extremely tense
situation, perhaps as the first move in a
European war. In any event there is no

reason to believe the enhanced-radia-
tion warhead would in any way diminish
the likelihood that a European-theater
nuclear war would escalate to an all-
out nuclear war, or that its introduction
would somehow moderate the probable
response of the U.S.S.R.
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HYPOTHETICAL INVASION of Western Europe by the forces of the Warsaw Pact coun-
tries is depicted on this map. Irregularly shaped colored areas show the approximate deploy-
ment of NATO and Warsaw Pact forces on mobilization day (see key for color coding of the de-
ployment areas). The forces would be redeployed between mobilization day and D day (the
first day of the war). The arrows show what are considered to be the most likely major invasion
routes. The three most likely axes of attack are along the main autobahns. An attempt by the
NATO forces to stop the Russian armored divisions leading any one of these major attacks by
resorting to enhanced-radiation nuclear weapons would require a barrage of hundreds of such
warheads well within the borders of West Germany. Because of the growing urbanization of the
region a counterattack of this kind could kill several hundred thousand, and conceivably sever-
al million, civilians and NATO combatants (not including the deaths that would be caused by
probable Russian nuclear retaliation). Population distribution is indicated by keyed symbols.
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NARROW STRAIT at the Bosporus provides the only present con-
nection between the Black Sea and the Mediterranean. The Black
Sea is at the top; the body of water at the bottom is the Sea of Mar-
mara, which communicates with the Mediterranean through the Dar-
danelles, some 500 kilometers to the southwest. The Bosporus is some
30 kilometers long and for most of its length is one or two kilometers
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wide. It is also quite shallow. In earlier times, when the global sea
level was lower, the Bosporus was a river draining a freshwater lake
in the Black Sea basin. The dark region at the southern end of the
Bosporus is the city of Istanbul. The picture was made from an al-
titude of 915 kilometers by the Landsat 2 satellite. It is a false-col-
or image in which the areas covered by vegetation appear bright red.
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When the Black Sea Was Drained

Less than six million years ago rivers feeding the Black Sea were

diverted into the dry basin of the Mediterranean. After a period

of desiccation the Black Sea was until recently a freshwater lake

ot even the largest and most
N prominent features of the

earth’s surface can be regarded
as permanent. Because the rigid plates
that make up the surface are in motion
continents and oceans are constantly be-
ing reshaped and rearranged. Mountain
building associated with the movement
of the plates alters patterns of drainage
and climate, and the plant life and ani-
mal life of a region necessarily respond
in turn. Examples of such changes have
been found in the historical record; oth-
ers can be observed in progress today,
and plate tectonics, the theory formulat-
ed to explain them, is now well estab-
lished. Even so, it comes as a surprise
to learn that a familiar feature of the
globe, which has had the same form
since the first maps were drawn, has
been subject to sudden transformations.

An extraordinary episode of this kind
was discovered in 1970. Sediment cores
extracted from the floor of the Mediter-
ranean Sea revealed that the entire Med-
iterranean dried up some six million
years ago. For almost a million years the
sea floor remained a desert basin two
kilometers below the surrounding con-
tinental plateaus. Then the basin was
flooded again by water from the Atlan-
tic; the refilling took several centuries,
and during that time the Strait of Gi-
braltar must have been the most spec-
tacular of all waterfalls.

It has now been learned that the Black
Sea has a history quite as eventful as
that of the Mediterranean. The Black
Sea was initially an arm of a great
ocean, then a part of a large inland sea
that covered much of eastern Europe. In
a brief crisis it became almost dry, then
after being refilled it became a deep
freshwater lake. The brackish and large-
ly stagnant sea that occupies the basin
now has evolved only since the end of
the ice age and is not a great deal older
than the civilizations that grew up near-
by in the Levant.

he Black Sea today is about 1,200
kilometers long and has a maximum
depth of some 2,200 meters. It is the
catchment basin for a major portion of

by Kenneth J. Hsii

the European continent, and it receives
several important rivers, including the
Danube, the Dniester, the Dnieper and
the Don. It communicates with the
Mediterranean through a narrow water-
way made up of the Bosporus, the Sea of
Marmara and the Dardanelles.

Both the Mediterranean and the
Black seas are remnants of an ancient
equatorial ocean that separated Africa
from Europe and connected the At-
lantic with the Indian Ocean. In 1900
Eduard Suess, a Viennese geologist,
named this sea Tethys for the Titan of
Greek mythology, daughter of Gaea
and wife of Oceanus. Some 20 million
years ago the northward movement of
the African plate began to close off the
Tethys Sea. The collision with Asia sev-
ered the eastern connection with the In-
dian Ocean. The collision with Europe
gave rise to a long chain of moun-
tains that includes the Alps, the Dinaric
and Hellenic mountains of Yugoslavia,
Albania and Greece, and the Taurus
Mountains of southern Turkey. The re-
sult of this mountain building was to
divide the Tethys into two inland seas.
One was the ancestral Mediterranean,
which occupied the same basin it does
today. The other sea, to the north and
east, has been called the Paratethys.

The Paratethys extended from the
Hungarian basin in the west across
southeastern Europe and the present
Black Sea and Caspian Sea to beyond
the Aral Sea in the Asian territory of the
U.S.S.R. Communication between the
Paratethys and the Mediterranean was
cut off about 15 million years ago. After
that the Paratethys became a brackish
sea much like the Baltic of today. Mau-
rice I. M. Gignoux, a French geologist,
suggested in 1920 that it be named Lac
Mer, or literally “Lake Sea,” to empha-
size that it was intermediate between a
lake and an open ocean.

The only large bodies of water from
Lac Mer that survive today are the
Black Sea, the Caspian Sea and the Aral
Sea. It is now apparent that the disinte-
gration of the great inland waterway
was closely associated with the sudden
drying up of the Mediterranean. A de-
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tailed record of at least some events in
this story has been read in the sediments
deposited on the floor of the Black Sea.
The catastrophic desiccation of the
Mediterranean was discovered by drill-
ing hundreds of meters into the sedi-
mentary rocks and oozes of the sea floor
and extracting the sediments as cores.
The drilling was done by the research
vessel Glomar Challenger, which was
built specially for deep-sea drilling.
Erected over the deck of the ship is a
large derrick, and there are facilities for
storing and handling more than seven
kilometers of drill pipe. Equally impor-
tant, navigational aids and a special pro-
pulsion system maintain the ship’s po-
sition precisely over the borehole even
in stormy seas. Launched in 1968, the
Glomar Challenger is operated by the
Scripps Institution of Oceanography un-
der the guidance of an international
group of investigators, the Joint Ocean-
ographic Institutions for Deep Earth
Sampling committee (JOIDES).

Earlier seismic studies of the Mediter-
ranean had revealed a layer of ma-
terial some 100 meters below the sea
floor that acts as a strong reflector of
sound waves. The voyage of the Glomar
Challenger in 1970, in which I participat-
ed, revealed the nature of this reflective
layer. It is made up of carbonate and
sulfate rocks, which are typically laid
down in shallow water, and salts, which
are deposited by the complete evapora-
tion of brines. A possible explanation
for the presence of such a layer was im-
mediately obvious, but it was also ex-
treme: the layer could have been formed
if the Mediterranean was evaporated
dry. After the voyage my colleagues and
I were able to reconstruct how that
might have happened [see “When the
Mediterranean Dried Up,” by Kenneth
J. Hsii; SCIENTIFIC AMERICAN, Decem-
ber, 1972].

The Mediterranean has a large hydro-
graphic deficit: more water evaporates
from its surface than flows into it from
the surrounding watershed. Its level is
maintained only because a large volume
of water flows in through the Strait of
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Gibraltar. About six million years ago
the continued northward movement of
the African plate gave rise to mountain
building on the Iberian Peninsula and in
the northwest corner of Africa, creating
an isthmus that sealed off the Mediterra-
nean. Over the next 1,000 years or so the
enormous volume of the Mediterrane-
an—some four million cubic kilome-
ters—evaporated away and salts and
other residues were deposited in the des-
iccated basin. A little more than five
million years ago the Atlantic broke
through at Gibraltar and the basin again
became a sea. The refilling of the basin
is a datum that marks the division be-
tween two epochs of geologic time; the
Miocene (less recent) and the Pliocene
(more recent). These epochs were fol-
lowed about 1.8 million years ago by the
Pleistocene (most recent). The present
epoch is the Holocene (wholly recent),
which began some 10,000 years ago.

This interpretation of the Mediterra-
nean’s history was not accepted entire-
ly without objection, and one item of
seemingly contrary evidence was partic-
ularly bothersome. In a sample of late
Miocene age from an eastern Mediter-
ranean drill site we found fossils of
small crustaceans belonging to the os-
tracod genus Cyprideis. The Cyprideis
species were native to fresh water or
brackish water and could not have sur-
vived in brines, much less on a desert
plain. Evidently the isolated Mediterra-
nean was not always dry; at times the
sunken salt flats must have been covered
by great lakes. Where did the fresh wa-
ter to fill those lakes come from?

Certain species living in the Mediter-
ranean and in nearby waters today had
also presented a puzzle. In many subma-
rine caves along the Adriatic coast of
Yugoslavia, for example, there are in-
bred species that seem to represent “liv-
ing fossils,” relics of an ancient fauna
that has not survived except in such iso-
lated habitats. Other inbred populations
are known in coastal regions of southern
France, Spain and North Africa, and a
particularly notable collection of relic
species was discovered in 1891 in Lake
Ohrid, a mountain lake on the border
between Yugoslavia and Albania.

By definition the inbred populations
are not related to those in the waters that
surround them, but species in each of
these pockets are related to species in
other pockets. What is more remark-
able, many of the species have relatives
in the distant and completely isolated
Caspian Sea. All these species have a
common ancestry, which can be traced
in the fossilrecord of the Paratethysrath-
er than in that of the Mediterranean.

There were now several enigmatic ob-
servations to be accounted for, but this
was one instance where the multiplica-
tion of mysteries gave as a product one
simple hypothesis. The disintegration of
Lac Mer, the presence of freshwater
lakes in the Mediterranean basin and the
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dispersal of Paratethys species could all
be explained if the Paratethys was
drained into the Mediterranean some-
time later in the Miocene. The hypothe-
sis could most readily be tested by ex-
amining the sedimentary record from
one of the surviving Paratethys basins.

In 1973 1 served as chairman of an ad-
visory panel set up by JOIDES to
evaluate proposals to drill in the Black
Sea. It was decided that the drilling
might well clarify the relation between
the Mediterranean and the Paratethys,
and plans were made for another voyage
of the Glomar Challenger.

Another reason for drilling in the
Black Sea was to study the origin of pe-
troleum. At depths below about 200 me-
ters the water of the Black Sea is stag-
nant; it contains no oxygen and is rich in
the toxic gas hydrogen sulfide, so that
the deep bottom can support no life oth-

er than anaerobic bacteria. Under such
conditions organic material tends to be
preserved. It is thought petroleum is
formed when such preserved organic
sediments are buried and converted into
hydrocarbons at elevated temperature
and pressure.

Still another goal of the drilling proj-
ect was to help clarify the existing rec-
ord of climatic history during the ice
age. Four stages of European glaciation
are generally recognized; they are
named Giinz, Mindel, Riss and Wiirm
after the places in southern Germany
where characteristic formations were
first described. There are also four rec-
ognized stages of glaciation in North
America, named Kansan, Nebraskan,
Illinoian and Wisconsin. The question
of whether the two chronologies corre-
spond has never been resolved, mainly
because there is no continuous record of
the entire ice age in any sedimentary se-

MODERN SEAS in southeastern Europe and southwestern Asia are remnants of an ancient
equatorial sea, called Tethys, that connected the Atlantic with the Indian Ocean. The main
surviving bodies of water are the Mediterranean, which still communicates with the Atlantic
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ries found on land. Marine sediments do
provide a complete record, but their in-
terpretation is ambiguous. Some geolo-
gists recognize four major glacial stages
comparable to those on land, but oth-
er workers have detected a pattern of
many glacial advances with an average
period of 100,000 years or less. Even the
onset of the ice age has not been precise-
ly dated; it may coincide with the begin-
ning of the Pleistocene some 1.8 million
years ago, but it could also be much ear-
lier or much later.

The Glomar Challenger entered the
Bosporus on May 19, 1975, with a crew
of 50 and a scientific staff of 20, headed
by David A. Ross of the Woods Hole
Oceanographic Institution and Yuri
Neprochnov of the Moscow Institute of
Oceanology. In a voyage of just three
weeks holes were drilled at three sites.
The deepest penetration was achieved at
the base of the western continental slope

off the coast of Bulgaria, at a location
designated Site 380. There, in water
2,000 meters deep, the drill brought up
cores 1,073 meters long.

From the first examination of the
cores it became apparent that marine
waters have not always flowed through
the Bosporus. Indeed, even before the
expedition began there had been hints
that the Black Sea was not always brack-
ish. In 1969 the Woods Hole Oceano-
graphic Institution had obtained shal-
low sediment cores (about 10 meters
long) from the Black Sea. Ross and
Egon T. Degens of Woods Hole found
evidence in these cores that the Black
Sea was a freshwater lake during a
12,000-year period of the last ice age.
They were able to explain the fresh-wa-
ter episode as a consequence of a change
in the worldwide sea level. The Bospo-
rus is not only a narrow strait but also a
quite shallow one, with a sill less than 35

meters below the present sea level. Dur-
ing the colder stages of the ice age, when
much of the world’s water was locked
up in continental glaciers, the sea level
was depressed by as much as 100 me-
ters. During those periods the Bosporus
was not a strait but a meandering river
draining a freshwater lake in the Black
Sea basin.

t had been assumed that the fresh-

water episode discovered in 1969
was one of a few rare incidents attribut-
able to unusual climatic conditions. The
much deeper sediments brought up by
the Glomar Challenger proved otherwise.
It is the present, marine condition in the
Black Sea that should probably be re-
garded as exceptional; during most of
the period represented in the sediments
fresh-water conditions prevailed.

One consequence of this discovery
is that the Black Sea is a poor place
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through the Strait of Gibraltar; the Black Sea, which has a tenuous
connection with the Mediterranean through the Bosporus, and the
Caspian and Aral seas, both of which are now isolated. The history
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of the seas has been investigated by drilling cores in the bottom sedi-
ments, most recently in the Black Sea. The longest Black Sea cores
were extracted from Site 380, near the western continental slope.
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for studying the genesis of petroleum.
Except for one layer near the surface
none of the sediments recovered were
particularly rich in organic carbon. The
anoxic condition that prevails today in
the deeper waters of the Black Sea is
largely a result of the interaction at the
Bosporus between the brackish surface
waters of the Black Sea and the more
saline water of the Mediterranean.
There is a system of stratified, opposed
currents in the strait: the Black Sea wa-
ter flows south at the surface as the
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Mediterranean water, which is about
twice as salty, flows north along the bot-
tom. The more saline water is denser
and so it sinks into the basin, where it
remains trapped by the density gradient
and is isolated from the circulation pat-
tern of the sea. Since the bottom water
has no access to the surface, it can ab-
sorb no oxygen, and all higher forms of
life are excluded from the abyssal plain.

This mechanism depends on a contin-
uing influx of marine water, and it could
not have operated when the Black Sea

was a freshwater lake. Fossil evidence
of bottom-dwelling animals found at
several levels in the sediments indicates
that the bottom waters were often aerat-
ed in earlier periods. Organic detritus
reaching the bottom then would have
been consumed by scavenging orga-
nisms. At other times the bottom was
apparently lifeless, since finely laminat-
ed sediments were not disturbed by bot-
tom-dwelling organisms, but even then
little organic material was deposited.
The predominance of freshwater sedi-
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CLOSING OF THE TETHYS SEA was brought about by the colli-
sion of Africa with Europe and Asia. The approximate positions of
the ancient waterways are shown here superposed on a map of the
modern coastlines. Some 20 million years ago (a) the Tethys was still
open to both the east and the west, although it was divided into two
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great arms. The southern arm was ancestral to the modern Mediter-
ranean; the northern arm has been given the name Paratethys. Moun-
tain building eventually isolated the Paratethys (b), which then be-
came a brackish inland sea. About six million years ago the contin-
ued northward progress of the African continental plate gave rise to




ments also raised a serious obstacle to
the interpretation of the Black Sea’s his-
tory. The standard method for dating
sediment series is by looking for fossil
species known to be characteristic of
each interval of geologic time; indeed,
the standard divisions of geologic time
are defined mainly by the emergence or
disappearance of certain species that are
conspicuous in the fossil record. These
landmark species were chosen for their
wide geographic distribution and their
limited temporal duration. Almost all of

them are marine species, and so it was
not immediately obvious how the Black
Sea sediments, with their largely fresh-
water fossils, could be dated. Even the
total duration of the sequence was not
known; the kilometer-long cores might
represent the accumulated sediments of
10 million years or of only two or three
million.

The Black Sea sediments do contain
fossils. They include free-floating dia-
toms and dinoflagellates, bottom-dwell-
ing foraminifera, certain larger bottom-

dwelling animals such as ostracods and
mollusks, and the pollen and spores of
land plants washed into the sea. Almost
all the fossils belong to species that re-
mained unchanged for long periods, and
they are therefore of little use in dating
the sediments. They do reveal a great
deal, however, about changing condi-
tions in the Black Sea, including the cli-
mate of the surrounding region.

In plants speciation and evolutionary
change are generally rather slow proc-
esses, but the growth of plants is very
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an extraordinary episode in the history of the Mediterranean (c).
Mountain building severed the connection with the Atlantic and the
entire sea evaporated, becoming a desert basin. The catastrophic dry-
ing up of the Mediterranean was ultimately to have an influence on
the Paratethys as well. As the water level fell streams were rejuve-
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nated and their headwaters were eroded, eventually breaching the di-
vide between the basins. As a result the Paratethys drained into the
Mediterranean and both seas were reduced to a network of lakes (d).
Because drainage pattern was reorganized even deep basins of Para-
tethys, which could not be drained directly, lost water to evaporation.
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SEDIMENTARY RECORD from the Black Sea was obtained in
1975 by the Glomar Challenger, a research vessel designed explicitly
for drilling in the sea floor. The record shown is from Site 380, where
cores totaling more than a kilometer were extracted. The deepest sed-
iments are black shales, produced by the compaction of mud. Above
this layer are sediments containing dolomite and gravel, both of which
indicate a shallow-water environment. There then followed a long pe-
riod of chemical sedimentation, in which calcium carbonate (chalk)
and the iron carbonate siderite were alternately precipitated. At 332
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meters below the surface the sediments become predominantly muds,
silts and sands, which are still being deposited today. At first the sed-
iment series could not be dated, but fossil pollen gave a correlation
with climate. A “steppe index” developed by Alfred Traverse of Penn-
sylvania State University indicates the percent of the pollen derived
from the steppelike vegetation characteristic of cooler climates. In
the steppe index it is possible to recognize three periods of glacia-
tion, which Traverse designated Alpha, Beta and Gamma. These cold
episodes were preceded by a long period of semitropical conditions.
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sensitive to climate. Fossilized plant
material is therefore a good indicator of
ancient temperature. Fossils from doz-
ens of plant genera are found in the
Black Sea sediments, mainly in the form
of pollen grains, which are distinctive
and readily identified. The plants repre-
sent a wide range of habitats, which can
be grouped in two general categories. In
some strata the pollen is mainly from
shrubs that are characteristic of steppe
vegetation, and in others it is from trees,
such as pines, oaks and beeches, which
indicates the presence of forests. Alfred
Traverse of Pennsylvania State Univer-
sity, who accompanied the Black Sea ex-
pedition, developed a “steppe index” to
express quantitatively the nature of the
land flora. The index is simply the per-
cent of the pollen found at a given level
that comes from steppe vegetation. A
value of 100 suggests that the Black Sea
watershed was covered almost entirely
by steppes, and a value of zero paints a
landscape of mixed pine and deciduous
forests.

Through most of the sedimentary rec-
ord forests and steppe vegetation alter-
nate. The pattern is easily interpreted in
terms of climate. The forests predomi-
nated during warm interglacial periods;
with the advance of continental glaciers
they were replaced by steppes. The
curve tracing the steppe index has many
short-term fluctuations, but by applying
an averaging procedure that smooths
the curve Traverse was able to recognize
three major stages of glaciation, which
he designated Alpha, Beta and Gamma.

The climatic oscillations suggested by
the pollen analysis do not continue into
the earliest sediments drilled. In the
cores from Site 380 pollen from steppe
vegetation is rare or absent at depths
greater than about 650 meters below the
sea floor. In the lowest strata the pol-
len is derived mainly from semitropical
plants. Therefore it would appear that
the sedimentary record extends to be-
fore the onset of the ice age. Unfortu-
nately the pollen samples give no infor-
mation on the date of onset or on the
dates of the three subsequent periods of
glaciation. With the dates unknown the
entire sediment series remained a tanta-
lizing text that could not be read. It was
two years before an international team
of investigators decoded its message.

One dramatic feature of the Black Sea
cores is an abrupt transition be-
tween two quite different types of sedi-
ments. For a long interval the material
deposited on the bottom consisted main-
ly of chemical precipitates; then, at a
time marked by a boundary 332 meters
below the sea floor, the dominant sedi-
ment type changed to silts and muds,
which are still being formed today.
The chemical sediments are carbon-
ate minerals: calcite (CaCOj3), aragonite
(CaCOy3), dolomite (CaMg(COs3),) and
siderite (FeCO3). That a freshwater lake

could have been saturated with carbon-
ates is not surprising. Chalk made up
almost entirely of calcite is now deposit-
ed every summer on the bottom of the
Lake of Zurich. Rising temperatures
drive carbon dioxide out of solution and
that in turn decreases the solubility of
the carbonate minerals, which are there-
fore precipitated. A lake in the Black
Sea basin during the ice age would have
had an environment similar to that of
the Lake of Zurich today: glaciers were
some distance away and the annual vari-
ation in temperature was large enough
to alter the solubility of carbonates. The
formation of carbonates other than cal-
cite can be explained by changes in the
chemistry of the lake water. The iron
carbonate siderite, for example. was de-
posited mainly in warm. humid inter-
ludes, when meandering rivers carried
much dissolved iron into the basin.

Pure minerals can be deposited in a
lake only if clays, silts and other prod-
ucts of weathering in the surrounding
landscape (collectively called clastics)
are excluded. At the Lake of Zurich the
clastics are trapped in other lakes up-
stream. The Black Sea. on the other
hand, now receives a heavy burden of
clastics, much of it contributed by the
Danube. In earlier times some barrier
must have prevented the Danube clas-
tics from reaching the Black Sea basin.

The nature of that barrier became ap-
parentin 1976, when Dan Jipa, a Roma-
nian geologist, pointed out to me a thick
section of clastics in the foothills of the
eastern Carpathians. The material is
now exposed at the surface, but it was
deposited as sediment in a lake of Plio-
cene and Pleistocene age. During a sub-
sequent tour of the Danube delta I was
told that boreholes there reach bedrock
under a thin cover of Pleistocene sedi-
ments. Apparently the Danube once
passed through the Carpathian lake,
where most of the suspended solids had
time to settle out. At some time during
the Pleistocene the lake became filled
with silt and the Danube was forced to
change course. Deprived of the “settling
tank” upstream, the Black Sea was
flooded with clastics and the period of
chemical sedimentation came to an end.

The Carpathian sediment bed provid-
ed the first information on the age of the
Black Sea sediments, although the date
implied was very approximate. The top
of the Carpathian series was estimated
to be between .5 and 1.5 million years
old. If the transition from chalk to mud
at a depth of 332 meters corresponds to
the change in the Danube’s course, then
that layer must have been laid down
during the same interval.

more precise dating of the Pleisto-
cene Black Sea deposits was ulti-
mately obtained by studying the rem-
nant magnetism of the sedimentary
rocks. A number of minerals, chiefly
those containing iron, are weakly mag-
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netic, and their fields tend to line up with
the earth’s magnetic field at the time
they are deposited. The earth’s field has
occasionally reversed its polarity, and
these events have been catalogued and
dated from extensive studies of sedi-
mentary rocks from the Atlantic and Pa-
cific sea floors. If reversals of magnetic
orientation could be found in the Black
Sea cores, then they could be dated by
reference to the chronology elsewhere.

Detecting the field reversals was not
easy because many of the iron-contain-
ing minerals in the Black Sea sediments

LAMINATED DOLOMITE from deep in a
core extracted at Site 380 provides evidence
that the Black Sea was once a shallow lake.
The dolomite includes features called stroma-
tolites, from the Greek for “flat stone.” The
stromatolites are derived from the growth of
blue-green algae in thin mats. Since the algae
are photosynthetic, they can grow only in shal-
low water, and they are found today mainly
on tidal flats. The gravels above the stroma-
tolites are also typical shallow-water deposits.
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are not chemically stable; the magnetic
orientation they exhibit today might re-
flect the direction of the earth’s field not
when the minerals were first deposited
but at the time of some later chemical
transformation. Nevertheless, my as-
sistant Federico Giovanoli and I were
able to recognize two reversals, which
we believe correspond to the events des-
ignated Jaramillo and Olduvai in chro-
nologies compiled elsewhere in the
world. They represent two brief epi-
sodes, respectively one million and 1.7
million years ago, when the earth’s field
returned temporarily to normal polarity
during a prolonged epoch in which the
field was mainly reversed.

The discovery of the magnetic anom-
alies provided two fixed dates for the
history of climatic variation revealed by
the pollen studies. Our interpretation of
the chronology suggests that continen-
tal glaciation began in the regions sur-
rounding the Black Sea at or near the
beginning of the Pleistocene some 1.8
million years ago. The data also suggest
that there were three major stages of
glaciation, together with a great many

short periods of cold weather. The cor-
relation of the Black Sea stages labeled
Alpha, Beta and Gamma with those
known from other regions is not certain.
Almost no correlation can be perceived
with the classical European ice ages.
The three major stages and the numer-
ous short episodes of cold climate do,
however, seem to run parallel to the cli-
matic variations recorded in the marine
sediments of the Atlantic. For example,
there is fairly good correlation with a
climatic record reconstructed by M.
Briskin and William A. Berggren of the
Woods Hole Oceanographic Institution
from fossils in sediments from the At-
lantic. The interpretation of the magnet-
ic reversals also supplied a date for the
boundary at 332 meters where the Dan-
ube detritus first reached the Black Sea:
the change in the Danube’s course ap-
pears to have taken place some 600,000
years ago.

he studies of fossil pollen and rem-
nant magnetism ultimately yielded a
chronology for the Black Sea through-
out the Pleistocene, or in other words

for roughly the past two million years. A
first glimpse into the more remote past
was obtained by Musat Gheorghian of
the Romanian Academy of Sciences,
who found in the oldest samples from
the Black Sea cores a fossil fauna typical
of the Paratethys. The fossils were of
several inbred species of bottom-dwell-
ing foraminifera native to a brackish
sea, and their evolutionary development
suggested that the oldest sediments re-
covered from Site 380 were between
eight and 10 million years old. The pa-
leobotanical evidence supported this
conclusion: in the same oldest layers
Traverse had found abundant pollen
characteristic of plant life from a warm,
upland habitat; the plants in question
disappeared in Europe some six to eight
million years ago, when the climate be-
gan to cool appreciably. If this dating of
the sediments is correct, then the record
should extend through the late Miocene
interval, some five to six million years
ago, when the Mediterranean dried up.
What happened to the Black Sea when
its neighbor was reduced to a desert?
Before the 1975 expedition of the Glo-
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RELATED HISTORIES of the Mediterranean and the Black Sea are
presented schematically in a cross section of the Mediterranean and
the Black Sea basins. When the two seas were separated by the rise of
various Alpine mountain ranges (a), the Paratethys received ample
runoft from the central European plains, so that it remained filled.
Its salinity, however, declined. During the subsequent desiccation of
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the Mediterranean (b) the Paratethys retained its character until the
reorganization of the European drainage system diverted much of its
water to the Mediterranean. It was during this era (c) that shallow-
water sediments such as gravels were deposited. When the Strait of
Gibraltar was cut open, refilling the Mediterranean, the Black Sea
(and possibly other parts of the Paratethys) briefly resumed a marine




mar Challenger a French oceanographic

cruise in the Black Sea had identified a

strong acoustic reflecting layer 1,000
meters or more below the sea floor.
Deeply buried structures that resembled
salt formations were also found. It was
the discovery of such a reflecting layer,
of course, that had provided the first
clue to the desiccation of the Mediterra-
nean. The Glomar Challenger did drill
through a reflecting layer, but it is still
not certain that this reflector is the one
the French expedition identified. In any
case no salt was encountered in the sedi-
ments; the reflecting layer that was pen-
etrated, 865 meters below the sea floor
at Site 380, was found to consist of ce-
mented gravels.

Gravel is a deposit of shallow water.
It is occasionally transported from a
coastal zone to a deep-sea plain by sub-
marine turbidity currents, but the Black
Sea gravels showed none of the features
that result from such transport. It there-
fore began to appear that when the grav-
els were laid down the Black Sea was a
shallow lake within a deep basin.

Examination of the fossils incorporat-

ed in the cemented gravels and in adja-
cent layers soon provided support for
this hypothesis. Peter Stoffers of the
University of Heidelberg found dolo-
mite between the gravel layers. The do-
lomite included features called stroma-
tolites, which are formed by the growth
of blue-green algae in flat mats, giv-
ing the stone a characteristic laminat-
ed structure. Similar algal mats grow in
coastal regions today; because the algae
require sunlight for photosynthesis they
can grow only in shallow water. Stoffers
also found oolite, a sandy deposit that
typically is formed in tidal channels
near coastlines. Hans Schrader of the
University of Kiel identified in sedi-
ments from just below the gravels a spe-
cies of diatom that is known to have a
shallow-water habitat.

Having shared the responsibilities of
chief scientist on two drilling expedi-
tions in the Mediterranean, I was enthu-
siastic about the prospect of demon-
strating a late Miocene episode of des-
iccation in the Black Sea. Important
evidence needed to be established, how-
ever. First, none of the fossils from the

gravels and the associated sediments
could readily be dated. What was even
more troubling, there was little reason
to believe the Black Sea could have
dried up. Unlike the Mediterranean, the
Black Sea today has no hydrographic
deficit: the influx of several major rivers
more than compensates for losses by
evaporation. In addition, the Black Sea
was one of the deeper basins of the Para-
tethys. If it lost most of its water, the
entire sea must have gone dry. Could
any evidence be found for such a gener-
al and widespread desiccation?

n 1976, while I was traveling in

Eastern Europe as an exchange
scholar, a coherent model began to
emerge. Sediments from regions of the
Paratethys basin that were not always
submerged include layers of volcanic
ash that can be dated by measuring the
extent to which radioactive isotopes
have decayed since the material was
molten. By this method it was estab-
lished that salt beds found in some parts
of the Paratethys basin are more than
15 million years old, much older than
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environment (d). The connection with the Mediterranean was soon
severed again, however, and the Black Sea began a long interval as a
freshwater lake (e). Silt and other products of weathering that are col-
lectively called clastics were dammed up in a lake in the eastern Car-
pathians, so that carbonate minerals could be precipitated in the Black
Sea. About 600,000 years ago the lake in the Carpathians silted up
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and the clastics, carried mainly by the Danube, began to reach the
Black Sea. At that time the era of mud and silt deposits began, an
event that is marked in the sedimentary record by the horizon at a
depth of 332 meters. Then about 10,000 years ago the Bosporus was
cut open and marine waters again entered the Black Sea (f), giving
rise to an anoxic stratum of stagnant brackish water below surface.
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CHALK DEPOSITS from Site 380 bear evidence of alternating periods when the deep waters
of the Black Sea were fresh and inhabited, and other periods when they were brackish and vir-
tually lifeless. The irregular dark markings in the sediments at the left are the trails of small
bottom-dwelling worms. The sediments at the right consist of fine, alternating layers of chalk
and clastics carried into the sea by rivers. If there had been any bottom-dwelling animals at the
time these sediments were deposited, the finely laminated structure would have been disturbed.

the salt beds of the Mediterranean. In to show that the Paratethys of the Bal-

the late Miocene epoch no salt was de-
positedinwhatare now the Balkancoun-
tries, and so it does not appear that the
Paratethys was evaporated dry. On the
other hand, R. Jifi¢ek of the Czechoslo-
vakian Academy of Sciences was able

kans did undergo a crisis when the Med-
iterranean dried up. At that time the
brackish Lac Mer disintegrated, leav-
ing only scattered freshwater lakes.
Since no salt was deposited, the lake ba-
sins could not have been evaporated
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CURRENTS IN THE BOSPORUS have had a major influence on the environment within the
Black Sea. Today (fop) the sill of the Bosporus is about 35 meters below sea level and there is a
system of stratified countercurrents. Comparatively fresh water from the Black Sea flows out
along the surface as saltier marine water enters at the bottom. Because the saline water is denser
it sinks and becomes stagnant. During periods of glaciation the global sea level was as much
as 100 meters below its present level. In those glacial periods (bottom) the Bosporus was not
a strait but a river, and the freshwater lake in the Black Sea basin was aerated at all depths.
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dry; the only plausible alternative is
that much of the water of the Paratethys
went down a drain.

JifiCek’s report provided the informa-
tion needed to reconstruct the closely
entangled histories of the Mediterrane-
an and the Black Sea. In the late Mio-
cene the Mediterranean was a salt plain
at the bottom of a deep depression, like
an enormous Death Valley. Then it was
flooded by brackish water, creating a
series of lakes on the floor of the basin.
The lake system has been given the
name Lago Mare, the Italian equivalent
of Lac Mer. In the lakes brackish-water
animals flourished. They included the
ostracods of the genus Cyprideis, whose
fossils, found above the salt deposits but
below the marine sediments laid down
after the opening of Gibraltar, had cre-
ated such a puzzle during the Mediterra-
nean exploration.

The water needed to fill Lago Mare
came from the Paratethys, which was
thereby partially drained. With the dry-
ing up of the Mediterranean, rejuvenated
streams had cut deep canyons into the
continental slope; although the slopes
are now again submerged, some of those
canyons can still be seen in sea-floor
profiles. At the same time erosion of the
headwaters lengthened the rivers, with
the effect that the watershed between the
Mediterranean basin and the Paratethys
basin was pushed northward. Finally
the divide was breached and Lac Mer
was emptied, probably by way of deep
ravines that ran through Hungary and
Yugoslavia to the Adriatic.

With the formation of Lago Mare the
drainage system of Europe was reorga-
nized. Whereas the Paratethys had been
receiving much of the runoff from the
humid regions of central Europe, that
water was now pirated by the Mediter-
ranean basin. As a result the Black Sea
no longer received enough water to
compensate for evaporation. Since salt
deposits were not found in the cores, it
cannot be determined with certainty
whether the Black Sea was ever com-
pletely dry, but there is no doubt that for
a time it was a shallow brine lake. Grav-
el and fossils of shallow-water species
were deposited; moreover, Frank T.
Manheim of Southern Florida State
University has determined by studying
the water in pores of the sediments that
the shallow lake was at least three times
as salty as normal seawater.

The draining of the Paratethys would
have carried animal species typical of
that sea into the Mediterranean basin.
Those animals may well have been the
ancestors of the inbred and isolated spe-
cies now found in the caves of the Yugo-
slavian coast and in coastal regions else-
where in the Mediterranean. In the Mi-
ocene epoch they occupied the Lago
Mare system of lakes; when the Strait of
Gibraltar was cut open, a marine fauna
invaded and most of the resident species
were exterminated. Only those that re-



treated to isolated freshwater habitats
survived. The “living fossils” of Lake
Ohrid on the border between Yugosla-
via and Albania may have a similar ori-
gin; the lake is probably a remnant of
an ancient channel connecting the Para-
tethys with the Mediterranean, and the
species could have been stranded there
when the channel was closed off.

The evidence needed to confirm this
hypothesis was some direct indication
that the Black Sea gravels were deposit-
ed during the period when the Mediter-
ranean was desiccated. It was obtained
in late 1976, when Schrader discovered
a diatom flora in sediments a little below
the gravels that could be dated to the
late Miocene.

Ego Mare was short-lived; it was in-
undated when seawater entered the
Mediterranean at the end of the Mio-
cene or at the beginning of the Pliocene,
some 5.2 million years ago. In the Black
Sea brackish or marine muds directly
above the gravel beds indicate that the
marine influence extended briefly to at
least parts of the Paratethys basin. The
seawater may have entered through the
same channels that had earlier drained
the Paratethys into the Mediterranean
basin, although there are other possibili-
ties. Whatever the route, the weak con-
nection with the Mediterranean was
soon broken, the drainage system was
again reorganized and the Black Sea be-
gan once again to receive more water
than was needed to balance evaporative
loss. The Black Sea basin was refilled,
but the Paratethys as a whole never re-
covered, and much of the area that was
once the floor of that ancient sea is now
intensively farmed agricultural land.

With an excess input of fresh water
the Black Sea gradually lost its salinity,
and for most of the next five million
years it was a freshwater lake. At the
beginning of the Pleistocene 1.8 million
years ago the global climate turned sig-
nificantly cooler, and glaciers formed in
eastern Europe. This was the epoch
dominated by chemical sedimentation,
with the clastics carried by the Danube
dammed up in a lake in the eastern Car-
pathians. A little more than half a mil-
lion years ago the lake silted up, the
Danube took its present course and
muds became the dominant Black Sea
sediments.

Only in recent times did the sea as-
sume its present characteristics, as ero-
sion gradually cut open the Bosporus.
During warm interludes, when the glob-
al sea level was unusually high, marine
water spilled through the Bosporus to
make the Black Sea brackish, but each
time the glaciers returned, fresh water
was restored. Finally, at the beginning
of the Holocene epoch some 10,000
years ago, the oceans rose to their pres-
ent level and salt water again entered the
Bosporus. The lifeless abyss of the mod-
ern Black Sea was created.
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CHRONOLOGY of the Black Sea sediments was eventually constructed by identifying rever-
sals in the magnetic orientation of rocks from the cores. The magnetic anomalies were caused
by reversals in the polarity of the earth’s magnetic field, which can also be detected in other
sedimentary rocks, including some that are reliably dated. During the Jamarillo and Olduvai
events and the Bruhnes epoch the field had the same orientation it has now; during the Matu-
yama epoch it was reversed. In some sediment levels (gray) the field direction is not stably indi-
cated. With at least two dates fixed by magnetic anomalies it is possible to compare the Black
Sea climatic record, represented by the steppe index, with other indicators of ancient climate.
One of these indicators is the percent of the foraminifer assemblage Globorotalia menardii in
marine sediments, which is correlated with the mean ocean temperature. Individual measure-
ments of both indicators are shown in black and smoothed curves in color. The colored curve
at the right gives estimated temperatures based on several fossil species in addition to G. men-
ardii. In many periods the two temperature curves coincide, although the first glacial advance
in the steppe index (designated Alpha) is split into two shorter periods in the Atlantic record.
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The Cosmic Background Radiation
and the New Aether Drift

Sensitive instruments have found slight departures from uniformity

in the radiation left by the primordial “big bang.”” The experiment

reveals the earth’s motion with respect to the universe as a whole

curious radiation that bathes the
earth almost uniformly from ev-

ery direction has turned out to be

a unique source of information about
the nature and history of the universe.
The faint radiation was identified 13
years ago during a search for noise
sources capable of interfering with sat-
ellite communications systems. The
“noise” proved to be of cosmic origin
and soon became known as the three-
degree cosmic black-body radiation be-
cause it has the spectral characteristics
of a black body, or perfect emitter of
radiation, whose temperature is about
three degrees Kelvin (three degrees Cel-
sius above absolute zero). Most astro-
physicists now believe this microwave
radiation was emitted shortly after the
“big bang,” the cataclysmic explosion in
which the universe was created some 15

by Richard A. Muller

billion years ago. Not only is it the most
ancient signal ever detected; it is also the
most distant, coming from well beyond
the quasars, the most remote luminous
sources known. The three-degree radia-
tion is a background in front of which
all astrophysical objects lie.

The observation of the cosmic back-
ground radiation is the closest we have
come to a direct study of the primordial
explosion itself. The very existence of
the radiation is the strongest evidence in
favor of the big-bang theory. The isot-
ropy of the radiation, that is, the uni-
formity of the radiation from different
directions in space, tells us that the big
bang, although it was unimaginably vio-
lent, also went quite smoothly. The
slight departure from isotropy that has
recently been discovered indicates that
our galaxy is hurtling through the uni-

INSTRUMENT PLATFORM in the new aether-drift experiment was a U-2 aircraft operated
by the National Aeronautics and Space Administration. Like the original aether-drift experi-
ment performed nearly a century ago by A. A. Michelson and E. W. Morley, the new experi-
ment was designed to measure the earth’s motion with respect to a universal frame of refer-
ence, in this case the cosmic background radiation. That radiation, which is equivalent to the
radiation emitted by a black body (a perfect radiator) with a temperature of about three degrees
Kelvin (three degrees Celsius above absolute zero), is radiation left over from the fireball in
which universe was created 15 billion years ago. U-2 has made 10 flights carrying an ultrasen-
sitive microwave receiver designed by the author, George F. Smoot and Marc V. Gorenstein.
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verse with the surprisingly high velocity
of 600 kilometers per second. It is this
cosmological velocity that has been
called “the new aether drift,” in refer-
ence to the “aether drift” that A. A. Mi-
chelson and E. W. Morley sought unsuc-
cessfully to discover nearly a century
ago by measuring the velocity of light
over paths rotated at different angles
with respect to the earth’s motion in
space. The three-degree cosmic back-
ground radiation provides an all-perva-
sive radiation “aether” for performing
an analogous experiment.

The cosmic background radiation was
discovered in 1965 by Arno A. Penzias
and Robert W. Wilson of Bell Laborato-
ries; its significance was immediately
recognized by Robert H. Dicke and his
group at Princeton University. Since
then much has been learned about the
spectrum of the radiation. Its intensity
has now been studied at wavelengths
ranging from 30 centimeters down to
half a millimeter, confirming the initial
conjecture that its spectral curve con-
forms to that of a black body at a tem-
perature of three degrees K.

One of the most important observa-
tions reported by Penzias and Wil-
son was the constancy of the tempera-
ture of the radiation from different di-
rections in space. Their measurements
indicated that the temperature varies by
less than 10 percent in any direction.
Subsequent experiments set even lower
limits on the departure from isotropy.
Two independent groups have recent-
ly carried out measurements sensitive
enough to show, however, that the tem-
perature of the radiation is not precisely
the same in all directions. One set of
experiments was performed at Prince-
ton by David T. Wilkinson and Brian E.
Corey, the other set at the Lawrence
Berkeley Laboratory of the University
of California by a group that includ-
ed George F. Smoot, Marc V. Goren-
stein and me. It is now known that the
temperature of the three-degree back-



ground radiation varies by about a tenth
of a percent across the sky, with the hot-
test region being in the direction of the
constellation Leo and the coolest in the
direction of Aquarius. The temperature
varies smoothly between these two re-
gions, following a simple cosine curve.
This distinctive pattern (“‘the great co-
sine in the sky”) leads us to identify the
velocity of the solar system as the cause
of the anisotropy. In order to explain
how this conclusion has been drawn and
what its significance is it is necessary to
review the big-bang theory, the origin of
the cosmic background radiation and
just what it is that has been learned
from the existence of the anisotropy.
The big bang was not simply an explo-
sion of a clump of matter into an other-
wise vast and empty space. Although
such a picture would account for Hub-
ble’s law (the observation that distant
galaxies are receding from us at a veloc-
ity proportional to their distance), it
seems incapable of accounting for the
uniformity with which matter and radia-
tion fill space. The known universe ap-
pears to be so uniformly populated that

DISK OF GAI.AXY/

astronomers accept the ‘“cosmological
principle”: the belief that the universe is
essentially the same everywhere. In ad-
dition, the idea of an exploding clump of
matter sitting somewhere in space offers
no natural way to account for the exis-
tence of the cosmic background radia-
tion. Any radiation emitted at the time
of the explosion would have left the vi-
cinity of the original mass even faster
than the matter would have left it, and
the radiation would no longer be around
to be observed.

In the big-bang theory there is no pri-
mordial clump of matter and no center
to the explosion. Space is uniformly oc-
cupied; there is no outer edge to the dis-
tribution of matter. The big bang was
not an explosion of matter within space
but an explosion of space itself. Accord-
ing to Einstein’s general theory of rela-
tivity, the “amount” of space between
objects is not fixed, even if the objects
retain their respective coordinate posi-
tions. In the calculations done in the big-
bang theory the galaxies are usually as-
sumed to be at rest as the amount of
space between them increases. Any mo-

tion that leads to a change in a galaxy’s
coordinate position in this theory is re-
ferred to as a peculiar velocity, not be-
cause it is strange but because it is pecu-
liar to the individual galaxy and is not
part of an overall cosmic motion.

he rate of the expansion of space is

reduced by the presence of matter
and energy. If the average mass density
of the universe is less than a critical val-
ue (about 10-22 gram per cubic centime-
ter), the expansion will go on forever. If
the average mass density is more than
the critical value, the expansion will
slow to a stop and turn into an implo-
sion. The mass density also determines
the large-scale geometry of the universe.
If the mass density is greater than the
critical value, the volume of the uni-
verse is finite; otherwise the volume is
infinite. So far the mass density of the
universe has not been established accu-
rately enough to say for sure whether
the universe is finite or infinite. Fortu-
nately for most of the calculations of the
big-bang theory the issue is not critical.
We shall assume that the average mass

PECULIAR MOTION OF GALAXY'

/

600 KILOMETERS PER SECOND\

/ EARTH'S VELOCITY AROUND SUN:

NET VELOCITY OF
SUN AND EARTH:
400 KILOMETERS
PER SECOND

30 KILOMETERS PER SECOND

SUN'S VELOCITY AROUND GALAXY:
300 KILOMETERS PER SECOND

ABSOLUTE MOTION OF THE EARTH through space has been
determined by measuring slight differences in the temperature of the
three-degree cosmic background radiation reaching the earth from
various directions. The earth travels in its orbit around the sun at 30
kilometers per second and, as the sun’s gravitational captive, is being
swept around the center of the galaxy at 300 kilometers per second.
The new aether-drift experiment shows that the earth’s net motion
in space is about 400 kilometers per second. The vector of the earth’s
net motion lies in the same plane as its orbit around the sun and at an

PLANE OF
EARTH'S ORBIT

angle tilted sharply upward (northward) from the plane of the galaxy.
In this diagram the vector of the earth’s net motion is depicted as a
colored arrow centered on the sun, since the two bodies travel togeth-
er. Both are being carried along by the galaxy’s own “peculiar” mo-
tion through space (the motion peculiar to the galaxy and not a part
of the overall cosmic motion). In order to account for the earth’s mo-
tion with respect to the three-degree radiation the galaxy must be
traveling at about 600 kil ters per second, or more than 1.3 mil-
lion miles per hour, in the direction shown by the heavy black arrow.
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density is equal to the critical value,
which has the added advantage of im-
plying that the average curvature of
space is zero. Therefore we can work
with the familiar Euclidean geometry.

The concept that the distance between
two objects can change without the ob-
jects themselves moving seems strange
because it is completely foreign to our
everyday experience. It is hardly strang-
er, however, than the curvature of space
itself. Fairy tales and much science fic-
tion describe events in which space is
flexible. What distinguishes the general
theory of relativity from mere flights
of fancy are specific equations that re-
late the geometry and volume of space
to its previous history and to its mass-
energy content.

Hubble’s law fits naturally into the
big-bang theory. The relation follows
from two facts: not only is space uni-
formly occupied by matter but also
space is being created at a uniform rate.
Thus the greater the distance separating
two galaxies, the greater the amount of
space created between them. Hubble’s
observation that all galaxies are moving

away from our own does not mean that
our galaxy is at the center of the uni-
verse; a similar observation would be
made from every other galaxy.

The uniform expansion of space ap-
plies only to distances on an intergalac-
tic scale. It does not hold, for example,
in the vicinity of massive objects such as
the sun, where the geometry of space
can be quite different. It also does not
hold at the distances between the atoms
in a molecule or the electrons in an
atom. Such distances are determined by
electromagnetic forces rather than grav-
itational ones. Even if the expansion of
space tended to move the constituents of
atoms and molecules apart, their inter-
nal electric fields would draw the con-
stituents back. If this were not the case,
human observers and their meter sticks
would grow at the same rate as the uni-
verse, making the expansion of space
unobservable.

The great initial success of the big-
bang model came when George Ga-
mow, Ralph A. Alpher and Robert Her-
man extrapolated the expansion back to
a period when the universe was more

FREQUENCY (GIGAHERTZ2)

, 1 10 100 1,000
w I 1 I T I I 1
109|— -
102}— ;,I- -~ N —
I,I’/, \
A\
= / \
% 10f— ’ \ B
£ /1 \
y ¢ -
E 1= / \ b=
: I \
/ “\ PENZIAS AND \
~ WILSON \
107'— S ~ 7 i -
S~ ~ SYNCHROTRON EMISSION \
~ FROM GALAXY 1
10-2}— ~ \ ol
/l =~ ~
~ \
~
10-3 | | |
100 10 1 1 01

WAVELENGTH (CENTIMETERS)

INTENSITY OF COSMIC BACKGROUND RADIATION follows the energy spectrum of
a black body with a temperature of three degrees K. The first measurement of the radiation
was made in 1965 by Arno A. Penzias and Robert W. Wilson, working with a microwave re-
ceiver tuned to a wavelength of 7.35 centimeters (corresponding to a frequency of four giga-
hertz). Most of the subsequent ts were also done at single wavelengths, indicated by
the vertical bars. Recently, however, Paul L. Richards and his co-workers at the University of
California at Berkeley have measured the higher-frequency portion of the curve with a wide-
band technique, obtaining the results indicated by the colored area. The broken line represents
synchrotron radiation from our galaxy: radiation emitted by electrons as they spiral around
lines of magnetic force. At frequencies below 10 gigahertz the anisotropy, or the directional
nonuniformity, of the synchrotron emission masks the anisotropy in the background radiation.
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than 1030 times denser than it is now.
They postulated that the early universe
would be extremely hot and that the
combination of high temperature and
density would initiate thermonuclear re-
actions, converting the plasma of pro-
tons, electrons and neutrons into deuter-
ons and helium nuclei. Within only a
few minutes the expansion of the plas-
ma would reduce the temperature and
density below the level needed to sustain
further reactions. The conversion would
be incomplete and just sufficient to ac-
count for the present ratio of helium to
hydrogen in the universe.

Another consequence of the Gamow-
Alpher-Herman model, which went vir-
tually unnoticed at the time, was that the
hot plasma would emit and absorb elec-
tromagnetic radiation, just as the hot
plasma at the surface of the sun emits
light. The radiation would be scattered
and rescattered by the free electrons un-
til roughly half a million years after the
big bang. At that time the density and
temperature of the matter would have
dropped to the point where its constitu-
ent ions (mostly protons and electrons)
would unite to form electrically neutral
atoms. This period (which actually last-
ed for several thousand years) is usual-
ly called the “moment of decoupling,”
since there is little interaction between
the radiation and matter from that time
on. The previously opaque universe
suddenly becomes clear, allowing the
electromagnetic radiation to travel un-
scattered through space and preserving
an image of the plasma from which the
photons were last scattered.

t is this radiation we now observe as

the cosmic background. The radia-
tion reaching us today was last scattered
from a shell of plasma that complete-
ly surrounded our present position in
space. If some of the matter in that
plasma has formed into a galaxy far re-
moved from our own, one can imagine it
supports intelligent beings who are now
observing the radiation that was last
scattered in our region of space 15 bil-
lion years ago.

Originally emitted as visible and in-
frared radiation with a peak wavelength
of about .7 micron, the cosmic back-
ground radiation has been red-shifted
by a factor of 1,500, so that we now
observe its peak wavelength to be at
about a millimeter. The red shift is due
to the tremendously high velocity of the
expanding shell of radiation, or more
properly the high rate at which space
between us and the shell is increasing.
The radiation itself has not changed its
wavelength. Rather, we are observing it
in a frame of reference that is “moving”
at 99.9 percent the speed of light with
respect to the matter that emitted it 15
billion years ago.

A remarkable feature of a black-body
spectrum is that when it is viewed in a
frame of reference moving with respect
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UNIFORM EXPANSION OF SPACE accounts for the “law” dis- rays at the left and in the middle. In the diagram at the right the two

covered by Edwin P. Hubble of the Mount Wilson Observatory 50 arrays are superposed. Connecting arrows show the distance traveled
years ago when he observed that distant galaxies are receding at a by each galaxy as viewed from the central galaxy. The same pattern
velocity proportional to their distance. Here the expansion of space would be observed from every other galaxy. Although the space be-
is represented by the change in the spacing of galaxies (dofs) in the ar- tween the galaxies expands, the size of each galaxy remains the same.
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ACCORDING TO BIG-BANG THEORY (/eft), the early universe combine into hydrogen atoms (circles), after which most photons

is filled by protons (plus signs) and electrons (minus signs) that absorb are no longer scattered. Those photons (redrawn at right) last scat-
and reemit photons (color). After 500,000 years (middle) the universe tered from a shell surrounding the position at which the earth will
has expanded and cooled enough for the protons and electrons to form constitute the cosmic background radiation reaching us today.
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STUDY OF BACKGROUND RADIATION can provide clues to are slowed by their additional velocity (in accordance with the gen-

the large-scale structure of the universe. If the earth has a peculiar eral theory of relativity) and hence appear redder than photons emit-
velocity (/eff), the radiation is slightly “bluer” (hotter) in the direction of ted toward its poles. The two possibilities can be distinguished by dif-
motion and “redder”’ (cooler) in the opposite direction. If the shell of ferences in the pattern of the observed temperatures. The tempera-
matter that last scattered the radiation was spinning with respect to ture of the radiation will vary in the first instance as the cosine of the
our local inertial frame, the photons emitted at the shell’s equator angle in the sky and in the second instance as the square of the cosine.
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to the emitter, it retains the characteris-
tic black-body shape, altered only in
temperature. In a frame of reference
moving with the plasma the characteris-
tic temperature of the radiation is about
4,500 degrees K.; in our frame of refer-
ence it is three degrees. As time passes
we shall continue to intercept the cosmic
background radiation, but the signal we
shall then observe will have come from
even more distant regions in space.
Since those more distant regions are
moving away at still higher velocities,
the radiation will be observed in our
frame of reference to have a tempera-
ture lower than three degrees. In another
15 billion years the radiation reaching
our present position in space should
have a temperature of about 1.5 de-
grees. It will also be radiation emitted at
the decoupling time, but from a region
far more distant in space than the radia-
tion we are observing today.

When one observes the cosmic back-
ground radiation, one is studying the
structure of the shell of matter that scat-
tered it half a million years after the big
bang. If the universe were totally homo-

-

geneous and isotropic, the cosmic back-
ground signal would be totally feature-
less. Clearly the present universe is quite
lumpy, containing as it does planets,
stars, galaxies and clusters of galaxies. If
large-scale clumping had begun before
the moment of decoupling, the back-
ground radiation should exhibit bright
and dark spots corresponding to the
clumps. If such features were to be
observed, one would obtain a fascinat-
ing glimpse of the early evolution of
the universe. On the other hand, the ab-
sence of such features would indicate
that large-scale structures, such as the
clumping necessary to account for clus-
ters of galaxies, had not yet appeared at
the moment of decoupling.

The background radiation also pro-
vides an opportunity for testing some of
the more speculative theories of the uni-
verse. For example, the universe may
be spinning, a possibility allowed by
the general theory of relativity. S. W.
Hawking of the University of Cam-
bridge was the first to point out that the
spin would show up clearly as a particu-
lar departure from isotropy in the cos-
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mic background radiation. If the shell of
the last scattering were rotating with re-
spect to our local inertial frame of refer-
ence, the plasma at the equator of the
shell would have a transverse velocity
not shared by the plasma at the poles of
the shell. According to the time-dilation
effect of special relativity, clocks and
other oscillators along the equator of
the plasma shell would run slow, with
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equatorial region would have a small
red shift over and above the recessional
red shift. The additional red shift would
result in a slightly lower temperature for
the radiation coming from the equatori-
al region.

Although a spinning universe would
be detectable according to the general
theory of relativity, it would not be de-
tectable according to a principle stated
by Ernst Mach. Mach postulated that
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DETERMINING ANISOTROPY in the background radiation is
complicated by the microwave emission from various sources that
are themselves anisotropic. H 11 regions, for example, are concentra-
tions of gas and dust heated by young stars. For the new aether-drift
experiment it was necessary to select a frequency at which the ex-
pected anisotropy of the background radiation would predominate.
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A frequency of 33 gigahertz was considered to be optimum. The two
curves representing the signals expected from the earth’s motion
around the sun (30 kilometers per second) and the sun’s motion
around the center of the galaxy (300 kilometers per second) are com-
puted on the assumption of zero velocity for the galaxy. The experi-
ment reveals that the galaxy’s velocity is 600 kilometers per second.
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whole were rotating. If analysis of the
background radiation were to reveal the
universe to be spinning, Mach’s princi-
ple would be disproved.

If gravity waves of very long wave-
length were generated during the ear-
ly moments of the big bang, they too
should give rise to a distinctive pattern
in the cosmic background radiation.
(Since the moment of decoupling for
gravity waves is only a fraction of a sec-
ond after the big bang, their direct de-
tection would provide an even earlier
glimpse into the history of the universe
than the one provided by the cosmic
background radiation.) One might also
discover anisotropies revealing that the
universe has not expanded uniformly
in strict accordance with Hubble's law.
Such phenomena would tend to form
different patterns in the sky, making it
possible to distinguish them from one
another. Perhaps the most distinctive
pattern to look for, however, is the ani-
sotropy caused by the motion of the so-
lar system with respect to the shell of
plasma that emitted the radiation.

There can be only one inertial frame
in any region of space where the back-
ground radiation is completely isotrop-
ic. In any other frame an observer’s mo-
tion will reveal itself as a variation in the
temperature of the radiation propor-
tional to the velocity of the observer and
to the cosine of the angle between his
direction of motion and the direction of
observation. P. J. E. Peebles, one of the
physicists in Dicke’s group who correct-
ly identified the origin of the radiation,
coined the term “the new aether drift” to
describe the expected motion. Although
it is not motion with respect to some
frame of reference fixed in space, it is
motion with respect to the most natural
frame of reference in cosmology: the
expanding coordinate system in which
the galaxies are nearly at rest.

It was the realization that it might be
possible to detect the new aether drift
that inspired my colleagues and me to
design an experiment that would im-
prove significantly on previous mea-
surements. We expected to discover that
the motion of the earth was primarily
due to the motion of the solar system
around the center of our galaxy at about
300 kilometers per second, modified by
a small factor to allow for the motion of
the galaxy toward the Andromeda gal-
axy. (The relative motion of our galaxy
and the Andromeda galaxy had been
measured earlier by the Doppler shift of
spectral emission lines as being 80 kil-
ometers per second.) Only a small part
of the expected aether drift would be
due to the earth’s motion around the sun
at 30 kilometers per second.

Why were we excited about measur-
ing such a well-known quantity?
Our main interest was in the other possi-
ble effects: the spin of the universe, early
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INSTRUMENT FOR MEASURING ANISOTROPY of the cosmic background radiation
built by the author and his colleagues is shown schematically in cross section. The two large
horn antennas are designed to collect cosmic background radiation in a narrow cone at a fre-
quency of 33 gigahertz. The two smaller horns and their associated receiver monitor the emis-
sions from atmospheric oxygen at 54 gigahertz. The apparatus is designed to measure not the
absolute temperature of the cosmic background radiation but rather the difference in the tem-
perature of the signals collected by the two large horns when they are switched alternately into
a common receiver 100 times a second. To compensate for possible asymmetries in design and
construction the apparatus is rotated 180 degrees every 64 seconds during collection of data.

signs of the formation of clusters of gal-
axies, gravity waves and an anisotropic
Hubble expansion. In beginning a diffi-
cult experiment, however, it is reassur-
ing to know that one will come out with
a nonzero value of some kind. Although
the other phenomena are interesting,
and even a null result on them would be
significant, it is frustrating to make pre-
cise measurements of zero.

When we began the experiment, the
cosmic background radiation was
known to be isotropic to a few millide-
grees, or to better than one part in 500,
owing largely to the careful measure-
ments of Wilkinson and Robert B. Par-
tridge of Princeton and Edward K.
Conklin of Stanford University. Anoth-
er Princeton experimenter, Paul Henry,
had detected a small departure from
isotropy, but his data did not fit a simple
curve and the direction of maximum
temperature was not accurately deter-
mined.

For our measurements we planned to
use an instrument of the same general
design as the one used in the preceding
studies: a Dicke radiometer. With this
device one measures not the absolute
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temperature of the cosmic radiation but
differences in temperature between one
direction in the sky and another. Al-
though one might try to measure such
differences by comparing the outputs
from two receivers pointed in different
directions, thermal noise in the two re-
ceivers and uncontrollable variations in
their gain (““flicker noise””) would swamp
the minute differences expected. In the
Dicke design the problem is avoided by
switching the same receiver back and
forth between two horn-shaped anten-
nas pointed in different directions. If the
experiment is carried out at the earth’s
surface. one tries to cancel the intense
microwave emission from the oxygen
in the atmosphere by pointing the two
horns at the same zenith angle so that
both “‘see”” the same amount of oxygen.

To nullify small differences in the col-
lecting power and emission of the two
horns, or a possible asymmetry in the
microwave switch connecting the horns
to the receiver. the entire apparatus is
rotated, interchanging the positions of
the horns once a minute. With these pre-
cautions any asymmetry in the back-
ground radiation should show up as a
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fluctuation in the receiver output that
coincides with the horn-switching rate.

In order to achieve a substantial im-
provement in sensitivity over earlier
experiments we had to understand ex-
actly what had limited the sensitivity
of earlier measurements and to antici-
pate as best we could the problems that
would be introduced by a new experi-
mental design. The results of earlier ex-
perimenters had been limited in sensitiv-
ity primarily by the “synchrotron radia-
tion" emitted by electrons accelerated in
the magnetic fields of our galaxy. Al-
though the intensity of the synchrotron
radiation roughly follows the visible
features of the Milky Way, its precise
pattern in the microwave region of the
spectrum is not known. The best one can
do is to subtract an estimate of the syn-
chrotron anisotropy from the total ob-
served anisotropy and hope that what is
left represents the anisotropy in the cos-
mic background radiation and not just
an error in the estimate.

There is a straightforward way to re-
duce the interference introduced by syn-
chrotron radiation, which is to move to
wavelengths shorter than three centime-

ters. For example, between three centi-
meters and one centimeter the intensity
of the synchrotron radiation falls by
roughly a factor of three. Equally im-
portant, in the same wavelength interval
the cosmic background radiation, fol-
lowing the black-body curve, becomes
about 10 times stronger. The obstacle to
operation at shorter wavelengths is the
increased atmospheric emission: water
vapor and oxygen make ground-based
observations impossible at wavelengths
shorter than about two centimeters. Wa-
ter vapor is particularly troublesome be-
cause it can exist in patches that are not
canceled by aiming a pair of antennas at
the same zenith angle.

The obvious solution is to conduct the
experiment at an altitude well above
50,000 feet, where the water vapor is
almost totally frozen out. Mountaintop
altitude is not enough. It is necessary to
use either a balloon, an airplane or a
spacecraft. Although we knew that a
spacecraft experiment was potentially
the most sensitive, an experiment in an
airplane or a balloon is much less expen-
sive and should certainly be done first.
In discussing these problems with Hans
M. Mark, who was then director of the

PROBLEM

REMEDY

Synchrotron emission from galaxy

Make measurements at frequency above
10 gigahertz

Emission from galactic dust

Make measurements below 100 gigahertz

Emission from atmospheric water vapor

Collect data at altitude above 15
kilometers (with U-2)

Emission from atmospheric oxygen

Use twin horn antennas at high
altitude and monitor oxygen emission
at 54 gigahertz

Emission from sun

Fly at night

Emission from earth

Use dual-mode corrugated horns with
narrow field of view

Emission from horn antennas

Symmetrize emission by careful
temperature control

Thermal noise in receiver

Integrate signal for 20 minutes

Receiver flicker noise
(= 1/frequency)

Switch between two horn antennas
100 times per second

Asymmetry of airplane

Reverse flight path every 20 minutes

Asymmetry in experimental apparatus

Rotate equipment itself every 64
seconds

Bias from earth’s magnetic field

Carefully shield microwave switches

Radio emission from U-2

Place metallic shields around
sensitive parts and minimize
communications to U-2

Geometric distortion of
atmosphere due to nonsphericity
of earth

Determine “zenith” from oxygen
signal rather than from earth’s
horizon or flight instruments

PRINCIPAL PROBLEMS associated with measuring the anisotropy of the background radia-
tion are listed with the remedies adopted by the investigators. They and their associates spent
three years planning the experiment and building the equipment before the first test flight.
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Ames Research Center of the Nation-
al Aeronautics and Space Administra-
tion, and Luis W. Alvarez of the Law-
rence Berkeley Laboratory, we decided
that the U-2 aircraft being operated by
NASA for the study of earth resources
would be an ideal platform for our ex-
periment. At about the same time (mid-
1973) Corey and Wilkinson at Princeton
elected to use the gondola of a balloon
as a platform for their anisotropy mea-
surements. I shall not describe their ex-
periment but instead concentrate on the
problems that had to be solved for our
U-2 undertaking.

For an airborne experiment the time
available is sharply limited, which
meant that our receiver had to be as sen-
sitive as possible. (In an experiment that
can be conducted from the ground data
can be averaged over many observa-
tions and provide sensitive results even
without a low-noise receiver.) Unfor-
tunately microwave receivers become
progressively less sensitive at wave-
lengths below three centimeters. The
constraints presented by receiver tech-
nology, the need to avoid troublesome
interference from synchrotron emission
at wavelengths much longer than 1.5
centimeters and strong atmospheric
emission lines at wavelengths of several
millimeters led us finally to choose a
wavelength of .9 centimeter (a frequen-
cy of 33 gigahertz, or 33 billion cy-
cles per second) as being optimum for
the experiment. At that wavelength we
thought our apparatus would be sensi-
tive enough to detect an anisotropy of
less than a thousandth of a degree,
which would be more than adequate to
determine the velocity at which the solar
system is being swept around the galac-
tic disk.

A major problem in an airborne ex-
periment is the instability of the plat-
form, which makes it difficult to ensure
that both antenna horns are pointing at
the same zenith angle and hence seeing
the same volume of oxygen. We solved
the problem by monitoring the zenith
angle with a second radiometer tuned to
a wavelength of .55 centimeter (a fre-
quency of 54 gigahertz), a wavelength
particularly sensitive to emission from
atmospheric oxygen. With this arrange-
ment we would be able to detect any
asymmetry of the oxygen signal, wheth-
er it was due to a tilted airplane or to a
tilted atmosphere. Since the earth is not
a sphere but a quasi ellipsoid, the atmo-
sphere is indeed often tilted with respect
to the ground; the atmosphere is also
tilted by weather fronts. If the tilt were
large, the pilot would be asked to bank
the plane in compensation. (The maneu-
ver turned out not to be necessary.)

The size of our apparatus was severe-
ly limited by the space available within
the rear hatch of the U-2, which made
the design of the antennas particularly
difficult. Since the earth is an intense
emitter of microwave radiation, we had
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REGIONS OF SKY SURVEYED by the new aether-drift experi-
ment are plotted on an equal-area projection of the celestial sphere.
All the flights were made at night (in order to avoid the microwave
emission from the sun) and were spread out over a period of roughly
a year (in order to scan as much of the sky as can be observed from
a base in northern California). Flights in the Southern Hemisphere,

which are proposed for the current year, will help to verify the pat-
tern of the detected anisotropy in temperature. Typical flights lasted
four hours and surveyed four different regions of the sky. Each of
the horn antennas was sensitive to a region of the sky aboutseven de-
grees across. The length of each scan was determined primarily by ro-
tation of the earth rather than by the 400-knot speed of the airplane.
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ANISOTROPY OF THE BACKGROUND RADIATION, as de-
duced from the U-2 survey, is plotted on the celestial sphere in con-
tours of one millidegree K. The “hottest” spot, indicating the direc-
tion of the earth’s maximum relative motion toward the background
radiation, lies in the constellation Leo at right ascension 11 hours

(£.5 hour) and latitude six degrees (+ 10 degrees). The “coldest” spot,
the direction in which the radiation is most “reddened” by the earth’s
relative motion away from the incoming photons, lies 180 degrees
away in Aquarius, If the temperature difference between hottest and
coldest points is plotted against distance, the result is a cosine curve.
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thor and his colleagues in the new aether-drift experiment. The horizontal axis represents the
angle made by a line connecting the two horn antennas and the direction of maximum temper-
ature in Leo. The cosine curve is temperature distribution to be expected in the cosmic back-
ground radiation if the solarsystem’s peculiar velocity toward Leo is 400 kilometers per second.
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FIRST SIGNIFICANT DEVIATION FROM ISOTROPY in the cosmic background radia-
tion was detected by Paul Henry of Princeton University with an instrument that was carried
aloft by a balloon. The anisotropy in the radiation shows up in the preponderance of data
points lying below the zero line. The scatter in the points, however, made it impossible to estab-
lish distribution of anisotropy or to determine precisely direction of maximum temperature.
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to find a way to shield our antennas.
Ground-based experiments had solved
the problem with large metallic reflec-
tors that intercepted and reflected the
earthshine. Our solution was a special
horn antenna designed to have an ex-
tremely small pickup from directions
more than 60 degrees from the horn
axis. The small space available in the
U-2 also required that the apparatus
be fully automatic, since there was no
room in the airplane for a scientist pas-
senger. Another nontrivial problem was
that the U-2 is designed to carry cam-
eras that look down, and we wanted to
look up. One does not cut a hole in the
top of a skin-stressed airplane such as
the U-2 without considerable planning,
but the modification was achieved with
the help of the NASA staff at the Ames
Research Center and engineers of the
Lockheed Aircraft Corporation, which
was responsible for the maintenance of
the aircraft.

hese were just a few of the problems
we had to address in the experiment.

Part of the challenge of a novel experi-
ment is trying to anticipate new prob-
lems and deal with them. Much credit
belongs to my collaborators Smoot and
Gorenstein, who had the chief respon-
sibility for transforming a theoretical
plan into a successful experiment.

After three years of planning, con-
struction and testing we mounted the
apparatus in the U-2 in July, 1976. We
made various modifications after a se-
ries of test flights and continued to make
others during the data-taking period,
which began in December of that year.
All the data-taking flights were made at
night, since even our special horn anten-
nas picked up microwave signals from
the sun. There was also no practical way
to shield our apparatus from uneven so-
lar heating. Microwave emission from
the moon, when it was at the correct
angle for it, provided a handy way to
calibrate the receiver gain in flight.

The data collected from the first few
flights revealed an unmistakable depar-
ture from isotropy in the cosmic back-
ground radiation. To get a clear picture
of the anisotropy, however, we had to
have flights spread out over a full year
so that the antennas could scan as large
a fraction as possible of the celestial
sphere visible from northern California.
By the end of last year the data from 10
flights plotted into the distinct cosine
curve one would expect if the solar sys-
tem were moving with a high cosmolog-
ical velocity. A similar anisotropy was
detected at a wavelength of 1.6 centime-
ters by the 19-gigahertz radiometer
flown in the gondola of a balloon by
Corey and Wilkinson. In both the Berke-
ley and the Princeton experiments the
magnitude of the anisotropy was consis-
tent with that first reported by Henry.

Our data indicate that the tempera-
ture of the cosmic background radiation



reaches a maximum of .0035 degree (3.5
millidegrees) above the average value in
a direction defined, in the usual celestial
coordinates, as 11 hours right ascension
and six degrees north latitude, or about
15 degrees east-southeast of Regulus,
the brightest star in the constellation
Leo. The velocity of the solar system in
that direction can be computed by divid-
ing the maximum temperature differ-
ence, .0035 degree, by the average tem-
perature of the cosmic background ra-
diation, 2.7 degrees (the best current
value), and multiplying the result by
the velocity of light. The answer is a ve-
locity of 390 kilometers per second.

Although this velocity is not much
greater than that of 300 kilometers per
second expected from the solar system’s
motion around the center of the galaxy,
it is in a different direction. Since the
velocity of the solar system is the sum of
the velocity due to the rotation of the
galaxy plus any peculiar velocity of the
galaxy, we could take our measured
number and by properly handling the
vectors calculate the peculiar velocity of
the galaxy. When we did this, we found
that the galaxy must be moving at about
600 kilometers per second with respect
to the cosmic background radiation.

Except for the cosine variation in tem-
perature the background radiation was
found to be isotropic to better than one
part in 3,000, placing strict limits on
several of the phenomena I have men-
tioned. If the universe is rotating, its rate
of rotation must be less than 10-9 second
of arc per century. If large-scale gravity
waves exist, they do not have sufficient
energy to close the universe or to reverse
the Hubble expansion into an implo-
sion. The expansion itself must be iso-
tropic to one part in 3,000. There is also
no evidence of the early formation of
clusters of galaxies, indicating that very-
large-scale clustering did not exist at the
moment of decoupling.

Perhaps the most fascinating and un-
expected result of the experiment is
the size of the implied cosmological ve-
locity of the galaxy. Since the motion of
our galaxy relative to the Andromeda
galaxy is small (80 kilometers per sec-
ond), the Andromeda galaxy must share
this high velocity through space. More-
over, it is known that the peculiar (non-
Hubble) motion of our local group of
galaxies relative to the nearest large
cluster of galaxies, the Virgo cluster, is
small; thus the entire Virgo cluster must
have a cosmological velocity similar to
ours. The picture that emerges is of a
vast volume of space, tens of millions of
light-years in radius, moving with a ve-
locity of roughly 600 kilometers per sec-
ond with respect to the distant universe.

The picture becomes more complicat-
ed when we look farther out into the
local regions of space. Prior to our work
Vera C. Rubin and W. Kent Ford, Jr,,
of the Carnegie Institution of Washing-

ton’s Department of Terrestrial Mag-
netism had with their colleagues ana-
lyzed the motion of our galaxy relative
to an all-sky sample of spiral galaxies
some 100 million light-years away.
They concluded that relative to the sam-
ple the solar system has a net velocity of
600 kilometers per second. After allow-

ing for the fraction of the velocity of the
solar system that is due to galactic rota-
tion, they calculated that our galaxy is
moving relative to the sphere of refer-
ence galaxies at a velocity of about 450
kilometers per second.

Our measurement of our galaxy’s pe-
culiar velocity, as determined from the
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SECOND PRINCETON EXPERIMENT, conducted by David T. Wilkinson and Brian E.
Corey with a balloon-borne instrument operating at a frequency of 19 gigahertz, supports the
Berkeley U-2 measurements. Because the Princeton workers plot their data differently (with
a north-south projection and an east-west projection) the similarity between their results and
the Berkeley ones is not readily apparent. It is clear, however, that the Princeton data define co-
sine curves. Princeton group concluded that the earth is movingat300 (£ 70) kilometers per sec-
ond toward right ascension 12 (1 2) hours and latitude — 10 (+20) degrees in the celestial sphere.
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FANTASTIC VELOCITY PICTURE emerges when the peculiar velocity of our galaxy, evi-
dently shared by all the members of the local cluster of galaxies, is plotted in relation to a sam-
ple of galaxies 108 light-years away whose velocities were analyzed spectrographically by
Vera C. Rubin and W. Kent Ford, Jr., of the Carnegie Institution of Washington’s Department
of Terrestrial Magnetism. Their results imply that our galaxy is moving at 450 kilometers per
second with respect to those in the reference sample. The diagram shows how the Rubin-Ford
velocity can be reconciled with the peculiar velocity of 600 kilometers per second determined
for our galaxy by the anisotropy in the cosmic background radiation. The Rubin-Ford sphere
of galaxies would require a peculiar velocity of 800 kilometers per second displaced roughly
33 degrees from the direction in which our galaxy is moving. Diagram at right shows how our
galaxy would then be carried toward the Rubin-Ford galaxies at 450 kilometers per second. In
view of uncertainties in measurements the velocities are rounded to S0 kilometers per second.
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CONVERSION OF PECULIAR VELOCITY into Hubble velocity, the cosmic velocity of ex-
pansion, can be expected to take place in time. The vector arrow a represents the current pecu-
liar velocity of our galaxy, shown embedded in a space that is expanding uniformly. As our
galaxy moves outward it will overtake other galaxies () until it reaches a region (c) where its
velocity matches that of neighboring objects. Our galaxy will then no longer exhibit a peculiar
velocity; its motion with respect to nearby matter will tend toward zero. A similar argument
shows that in the past our galaxy’s peculiar velocity must have been greater than it is today.
This line of reasoning is invalidated, of course, if the peculiar velocity arises from a local effect,
such as the rotation of a cluster of galaxies, in which case the peculiar velocity would oscillate.
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cosmic background radiation, not only
is a third greater than the Rubin-Ford
velocity but also differs in direction
from theirs by more than 100 degrees.
The two sets of velocity measurements
can be reconciled by assuming that the
Rubin-Ford sphere of galaxies is mov-
ing with a cosmological velocity of
about 800 kilometers per second in a
direction offset by approximately 33 de-
grees from the direction in which we
are drifting at 600 kilometers per sec-
ond through the radiation “aether” left
by the big bang.

This remarkable picture is even more
surprising when one realizes that a high
peculiar velocity today may imply a still
higher one in the past. As a galaxy
moves through space with a high pecu-
liar velocity it eventually catches up
with other galaxies whose recessional
velocity corresponds to the average
Hubble expansion. Hence a high pecu-
liar velocity is gradually transformed
into a typical Hubble velocity, with the
net result that peculiar velocities must
decrease with time. Extrapolating back-
ward, one finds that at the moment of
decoupling the peculiar velocity of the
stuff of which our galaxy was made
must have been close to the speed of
light. On the other hand, if the peculiar
velocity were due to local turbulence or
to orbital motion around a distant point,
such an extrapolation might not be cor-
rect. The velocity of our local group of
galaxies with respect to the nearby
(on a cosmic scale) Rubin-Ford galaxies
does in fact suggest there is considerable
turbulence in the universe.

Before one accepts this turbulent pic-
ture of the large-scale structure of the
universe, one should recall that our ob-
servation of the cosmic background ra-
diation shows that except for the cosine
component the radiation is uniform to
at least one part in 3,000. It is not obvi-
ous how to reconcile the featureless na-
ture of the background radiation with a
high degree of local turbulence. To be
sure, the local peculiar velocities are
characteristics of the present universe,
whereas the background radiation is a
snapshot of the universe taken 15 billion
years ago. Conceivably the universe
possesses some large-scale structure,
such as the rotation of a supercluster of
galaxies, that will reconcile the appar-
ently contradictory results.

Perhaps the most perceptive criticism
of the homogeneous isotropic big-
bang model is that it is far too simple to
represent reality. One is easily tempted
to assume that the unknown is simple. It
is possible, indeed likely, that there are
large-scale structures that play an essen-
tial role in determining the nature of
the universe. With recent measurements
of the large-scale clustering of galaxies
and the anisotropy of the cosmic back-
ground radiation we may be just begin-
ning to detect that structure.
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SCIENCE AND THE CITIZEN

The Infertile Society

f the current trend toward reduced
I fertility continues, most of the
world’s developed countries are
heading for an era of negative popula-
tion growth. Indeed, there are already
more deaths than births per year in Aus-
tria, Britain, East and West Germany
and Luxembourg. Declines in fertility
suggest that population will begin to de-
cline in Belgium, Denmark, Czechoslo-
vakia, Hungary, Norway and Sweden
within two years, in Bulgaria, Finland,
Greece, Italy and Switzerland by 1990
and in France and the Netherlands by
2000, that the remaining countries of
Europe will not be far behind and that
deaths should outstrip births in the U.S.
by about 2020. The question, of course,
is whether or not fertility rates will con-
tinue on their present course. According
to Charles F. Westoff of Princeton Uni-
versity, writing in Family Planning Per-
spectives, ‘'The honest answer is that no-
body knows.” Westoff thinks, however,
that fertility will continue to decline, and
he gives his reasons.

One consideration, he points out, is
the improvement and diffusion of con-
traceptive technology. “Virtually all
American married couples” practice
contraception, and among those couples
three out of four were relying in 1975 on
the most effective methods: steriliza-
tion, the pill or the intrauterine device.
Abortion is widely available, and new
fertility-control technology is being de-
veloped: “We are fast approaching the
perfect contraceptive society.” The fact
that couples can avoid unwanted chil-
dren does not mean they will necessarily
choose to have few children or none, but
the historical trends point toward small-
er families. Moreover, a look at “cur-
rent social trends and their demographic
outcomes” provides signs that changes
in marriage and the family will cause
fertility to decline to new lows. Westoff
considers in particular evidence from
the U.S. and “from two Scandinavian
countries that historically seem to be in
the avant-garde of social change.”

The proportion of women not mar-
ried by the age of 24 increased from 28
percent in 1960 to 43 percent in 1976 in
the U.S., from 44 percent in 1970 to 59
percent in 1975 in Denmark. In Sweden
there were 30 percent fewer marriages
in 1975 than in 1966. In the U.S. about 2
percent of all couples living together
were unmarried in 1976; in Denmark
about a quarter of all women between
18 and 25 are living with a man to whom
they are not married; in Sweden a few
years ago about 12 percent of all cou-
ples living together were unmarried.
The “very high” U.S. divorce rate makes
it clear that “the traditional concept of

one partner forever has disappeared”
for many people. Divorce does not nec-
essarily reflect on the institution of mar-
riage itself, but now the remarriage rate
has started to decline in the U.S., as it
has by about 50 percent in Sweden since
1965. Out-of-wedlock births reached
14.2 percent of all U.S. births in 1975
(with the greatest increase among white
women from 20 to 29 years old); the
proportion was 18.8 percent in Den-
mark in 1974 and is now about a third in
Sweden. Even if all these changes mean
only that formal marriage is giving way
to other monogamous unions, “such in-
formal arrangements will hardly con-
tribute to increasing fertility.”

The trends in marriage and reproduc-
tion “are tied in one way or. another to
the growing economic independence of
women.” Westoff cites the large increase
in the proportion of women of repro-
ductive age who are employed outside
the home in the U.S. and in Europe.
“There is little doubt that women’s work
and fertility are negatively related on
the whole” or that more women will
work in the future. Westoff sees demo-
graphic trends as “both a cause and a
consequence of changes in the family.”
Less childbearing frees women to work
toward economic equality, “which in
turn makes marriage and childbearing
less of an automatic social response.
The future seems less and less compat-
ible with long-term traditional mar-
riage.” In addition to the decline of mar-
riage there is apparently an increase in
childless marriages. Among U.S. wom-
en between 25 and 29 who were or had
been married, 12 percent had never had
a child in 1965, 22 percent in 1976. “It
is not difficult to visualize a society in
which perhaps one-third of women nev-
er have any children,” in which case the
remaining two-thirds would need to
bear an average of three children each to
maintain a steady-state population.

If fertility rates keep declining, is
there any reason to assume that there
will come to be “a magical balance of
births and deaths at low levels,” or pre-
cisely zero population growth? The ex-
pectation “may be more aesthetic than
realistic.” Westoff thinks fertility in the
U.S. and other developed countries will
fall to very low levels, “probably below
replacement.” In order to maintain re-
placement fertility, financial incentives
to encourage childbearing may eventu-
ally become necessary.

Breeders as Incinerators

To opponents of nuclear power the
terms “‘breeder reactor” and “pluto-
nium economy” are the ultimate epi-
thets for a technology out of control.
The terms raise the specter of great vol-
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umes of purified plutonium flowing in
worldwide traffic impossible to secure
from the depredations of the next gener-
ation of terrorists. To a large degree the
fear of terrorist theft has supplanted
simple proliferation—an increase in the
number of nuclear powers—as the Car-
ter Administration’s principal reason
for opposing both the reprocessing of
spent nuclear fuels and the further de-
velopment of the fast breeder reactor.
The alternative being favored is the
“once through,” or “throwaway,” fuel
cycle, in which the depleted, highly ra-
dioactive fuel rods from nuclear power
plants, containing about 1 percent of un-
spent uranium 235 and an equal amount
of plutonium, would simply be stored
indefinitely. This is one of the options
now being examined by experts of the
40 countries participating in the Inter-
national Nuclear Fuel Cycle Evaluation
program (INFCE).

A totally different view of the breeder
reactor and the plutonium problem has
recently been presented by Walter Mar-
shall, deputy chairman of the United
Kingdom Atomic Energy Authority. To
Marshall the specter raised by the
throwaway fuel cycle is the worldwide
proliferation of waste-fuel storage sites,
each, in his words, a potential “plutoni-
um mine.” Although it is true that spent
fuel rods are initially so “hot” as to dis-
courage theft, the level of radioactivity
falls rapidly: by a factor of 300 over the
first year and by a factor of 2,000 over
the first 10 years. Marshall classifies as
“inacessible” the plutonium in fuel rods
still so radioactive that separation of the
plutonium would require construction
of a sophisticated reprocessing plant,
which itself would take about 10 years
to build. He classifies as “extractable,”
however, the plutonium present in fuel
rods ‘“sufficiently old” for it not to be
“beyond the limits of imagination that a
[subnational] group might be successful
somewhere in the world” in separating
out the contained plutonium. Marshall
suggests that a sufficient aging period
would be no more than 30 years.

For this reason Marshall concludes
“that a policy of using thermal reactors
alone in the once-through cycle is not a
satisfactory non-proliferation policy....
With this policy every ration with a nu-
clear power plant and a spent fuel ele-
ment storage facility has set up a target
for plutonium diversion and has estab-
lished an option to construct weapons in
ways that are easier and easier to oper-
ate as the stored plutonium becomes as-
sociated with less and less radioactivi-
ty.” Some 300 power reactors are now
operating in 24 countries. Barring an
immediate moratorium on all future
construction, Marshall estimates that by
the year 2,000, if the once-through fuel
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" The TC-K71I front-loading
- cassette deck is its own best
n.

Switch it on, and that dis-
ciplined Sony engineering will
come through loud and clear.

And no wonder. Sony's
been making tape recorders for
30 years. And today, we're still
pushing back the frontiers. The
K7 II shows how.

Its transport mechanism is
a DC servo-controlled motor, with
a frequency generator. It emits a
signal which is relayed to elec-
tronic circuitry that locks in the
tape movement exactly.

Our heads are ferrite-and-
ferrite. And they're Sony’s own
formula—we don't buy them, we
use our heads and make them.

You'll also find a direct-
coupled head-playback amplifier.
This means we've eliminated the
middleman—the coupling capac-
itor—from the signal path. You
get your sound direct, with min-
imum distortion.

Another reason the K7 ILis
the logical choice: our logic con-
trolled feathertouch push-buttons
actually go from fast-forward, to
rewind, to play, without going
through the stop position.
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The K7 ILalso speaks for
itself with Dolby Noise Reduction
System™ Large, professionally
calibrated VU meters. Three
LED’s for peak level indication.

There's also bias and
equialization switches for stan-
dard, Ferri-Chrome and Chro-
mium Dioxide tapes. In fact, with
nine possible combinations, any
tape possibility of the future can
be accommodated.

So if you're intrigued by
quality that speaks for itself, get
down to your Sony dealer and

. check this new cassette deck.

Before they're all spoken for.



But it won't be silent for
long. Because the moment you

record on one of our blank tapes,
that quality will make itself heard.

Witness our Ferri-Chrome
cassette.

Everybody knows that
ferric-oxide tapes are ideal for
reproducing the low frequencies.
And that chromium dioxide is
ideal for the high frequencies.

As usual, Sony wouldn't
settle for anything but the best
of both.

And as usual, Sony’s engi-
neers solved the problem. With a
process that allows a coating of
chromium dioxide to be applied
over a coating of ferric-oxide.

Our two coats are leaving
other brands of tape out in the
cold. Because Ferri-=Chrome
boasts shockingly low distortion
and startling dynamic range.

Sony is this advanced

because we make more than tape.

We make tape heads and tape
recorders, too. (No other con-
sumer company is that involved.)
Because we know where tape
winds up, we're better able to
design and produce it.
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Of course, In
Ferr-Chrome, Sony
complete line: Chrome,
ity, Low Noise, Elcasetand’ "
Microcassette. .

Sony's been making tape 3 .

for 30 years.

So when it comes to
answering the tough questions
about the manufacture of tape,
no one fills in the blanks like Sony.

NY
i e
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Excellence in
Optical Instrumentation

The Quantum Four Maksutos

Cassegram lTelescope

$895.

OPTICAL TEC HNIQUES INC.

15 PHEAS
NEWTOWN

™

PA TS0

ADM3A Kit..........ccoiin... $755.00
ADM3A, assembled ............... 840.00
ADMIA ... . 0Dl 1,445.00

Call for other models pricing, complete micropro-
cessors line, peripherals & terminals.

Texas Instruments
TH57...... $59.95 SR-40 ........ $19.95
TH58....... 8895 SR-5111 ....... 46.00
TI-59 in stock209.00 TI55.......... 49.95
SR-60A ...199500 TI-1750 ........ 17.95

TI-5100 ..... 36.00  TI-Bus Analyst . ..24.95
PC-100A . ..186.00  TI-745 Terminal . .1799.00
HEWLETT PACKARD

We are tranchised H-P dealer
All accessories at discount

HP-33E .... 89.00  HP-38E(Financial) 110.00
HP-25C ...... 128 HP-67 .......... 54
HP-32E ..... 7200 HP-97 .......... 587
HP-19C ....26895 HP-29C ......... 154
SCM TYPEWRITER SPECIAL
SCM-2200 ... ..coveeei $239.00
SCM-1200. . ... 204.00
CLASSIC12 .................... 139.00

All units shipped in original cartons with accessories
according to manufacturer's specifications. Send money
order, personal check (2 weeks to clear). In Illinois add
5% sales tax. Add $3.50 min. shipping charges. WE SHIP
UPS. Subiject to availability. Above prices are for mail
order only. Send mail orders. We also carry micro-
processors and terminals.

Nabel's Tuc.

519 DAVIS ST. EVANSTON, ILL. 60201
TEL: 312-869-6140 J
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“A godsend!”

—Library ]ournal*

A Handbook for

Scholars

byMary-Claire
van Leunen

The first complete guide to
the mechanics of scholarly
writing: citation, references,
footnotes, bibliographies, for-
mat, styling, text preparation
and all related matters.

*“Van Leunen provides beau-
tifully detailed instructions,’ says
Library Journal. “The book is
loaded with practical examples
..This volume is a godsend to
the modern scholar.”

354 pageseHardcover $12.95
Paperback $5.95

Alfred-A-Knopf I
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cycle is adopted, the plutonium mines of
the world will contain enough nuclear
material for the construction of a quar-
ter of a million atomic bombs.

This is reason enough, Marshall ar-
gues, to reject the once-through fueling
concept and to opt instead for reprocess-
ing of fuels and rapid adoption of fast
breeder reactors, since they alone have
the capability of consuming the recov-
ered plutonium and reducing the inven-
tory of that material, which will other-
wise keep growing inexorably. Marshall
thinks that critics of the breeder are mis-
led when they argue that since the fast
reactor breeds plutonium it necessarily
implies a “plutonium economy,” that is
a large-scale commitment to handling,
processing and transporting purified
plutonium. The actual situation, says
Marshall, is that “it is possible to oper-
ate [the fast breeder] so that it either
produces slightly more or slightly less
[plutonium] than it incinerates. ... It fol-
lows that the use of fast reactors instead
of thermal reactors can immediately put
a brake on the growth of plutonium in
the world [and] can be used to decrease
the total amount of ‘extractable’ pluto-
nium in the world provided we make the
fuel out of the old plutonium obtained
from thermal reactor spent fuel.” In ef-
fect, the breeder can be “fine tuned” not
to breed at all but simply to consume the
plutonium created by thermal reactors.

To the objection that large-scale re-
covery of plutonium from spent fuel
would make plutonium available in pre-
cisely the extracted form that would
tempt a non-nuclear nation to divert it
or aterrorist group to steal it, Marshall
has an answer. The reprocessing can be
done in such a way that the plutonium is
not extracted in pure form, as it is in
current practice, but is left mixed with
about 80 percent depleted uranium and
a few percent of highly radioactive fis-
sion products so that it cannot produce
a bomb and cannot be handled and fur-
ther purified except with facilities equiv-
alent to those in a fully shielded reproc-
essing plant. The plutonium-uranium
mixture can be fabricated by remote-
control techniques into fuel elements
satisfactory for a breeder reactor. Such
a process has in fact been studied jointly
by the British and the Electric Power
Research Institute (EPRI) in the U.S.
Named Civex, to emphasize its civilian
character, the process was recently de-
scribed at the Fifth Energy Technology
Conference in Washington. The Mar-
shall-EPRI proposal, in sum, is that a
dilute plutonium mixture can be safely
recovered from spent fuel in Civex
plants and incinerated in fast breeder re-
actors.

Whatever Became of...?

he transplantation of the human
heart is a surgical procedure that has
now passed its first decade. Little re-



Churning throughout the earth’s atmosphere are
substances that could change the climate of tomorrow.
One way in which scientists the world over try to
anticipate the possible effects of these substances is via
mathematical modeling. That’s the approach we've
been taking here at the General Motors Research
Laboratories.

Our scientists started with one of the most com-
plex atmospheric representations in existence: the
radiative-convective model developed at Princeton Uni-
versity. They then reformulated it to include airborne
particles.

Among the early uses of this new tool was an

attempt to correlate an ice buildup in the Far North in
s 1971 with a reported GIObaI
jump in particle abun-

s, 2 acmoes . LETTIPErAtUre.- ..
erupted in this region.

Calculations with the I k-

model indicated that the oo Ing

particle increase could in-

deed have lowered tem- toward 2 l_

perature, thus delaying
the spring melt and has-
tening the fall freeze (see
graph).

In other experi-
ments, we studied over
30 parameters . . . gas
concentrations, albedos
(reflectivities of the earth’s surfaces), cloud and particle
abundances, Rayleigh scattering coefficients. The goal
has been to understand global temperature response to
changes in 03, COZ, particles, and the chloro-
fluoromethanes.

-0.5

AVERAGE TEMPERATURE CHANGE ['C)

-1.5

0 1 2 3 4
RELATIVE PARTICLE ABUNDANCE

GM SURFACE ALBEDO MODEL

So far, our findings lead to these main conclusions: Research Laboratories

e Surface albedo exerts the most influence on global Warren, Michigan 48090
temperature change. Next in importance are
Rayleigh scattering, humidity of the lower tropo-
sphere, and C02.
e Atmospheric particles work against the tempera-
ture increase attributed to CO, (the greenhouse
effect).

Global temperature modeling: One of the many ways
we’re helping to explain, and maintain, this planet Earth.

m General Motors
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POLAROID INTRODUCES

INSTA

THE SECOND REVOLUTION IN

“Polaroid” and “Polavision”® © 1978 Polaroid Corporation. Initial quantities are limited.
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Polaroid, the inventor of instant pictures,
introduces the second revolution in photog-
raphy. Movies you can see in brilliant color sec-
onds after you’ve taken them. Movies you can
take even if you’ve never held a motion picture
camera before. Movies your family can view
again and again, on a compact, elegant player
that sits out on a table or tucks into a bookshelf.
See how simple it is:

1. Drop a cassette into the lightweight, au-
tomatic Polavision camera. Squeeze the trigger,
and you’re making your movie—the kids playing
ball, a family party, your wife’s golf swing. You
can zoom in for dramatic close-
ups or pull back for wide shots.

2. When your movie
is finished (and you’ll be delighted to see how
many sequences you can shoot in 2% minutes),
drop the cassette into your Polavision player.

3. In seconds, your instant movie appears
on the screen. (That simple-looking cassette
has actually recorded in breathtaking detail the
images you saw through the viewfinder.) The
picture is sharp, the colors rich and clear.
There’s no projector or movie screen to set up,
no threading or winding. To start the player,
you just drop in a cassette. Children can enter-

tain themselves indefinitely replaying the cas-
PH T RAPHY settes. Treat your family to a Polavision system.
Enjoy the new experience of making instant

movies, and start building a living diary of the
memorable moments of your life.

SIMULATED PICTURE

POLAVISION FROM POLAROID
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mains of the excitement and curiosity
that followed the first transplantation by
the South African surgeon Christiaan
Barnard in December, 1967, and the
high expectations that were held for the
procedure as a means of dealing with
heart disease. Looking back in an edito-
rial in The New England Journal of Medi-
cine, W. Gerald Austen of the Massa-
chusetts General Hospital and the Har-
vard Medical School writes: “After an
initial flurry of excitement, and wide-
spread trial in many centers, recurrent
failures led to disillusionment and virtu-
al abandonment of the procedure, in all
but one or two institutions.”

In retrospect the stir of 10 years ago
seems to have been based more on hope
and the boldness and originality of the
procedure than on rational considera-
tions. Tissue rejection, which had been
the main problem in the transplantation
of other organs, proved to be equally
difficult in the transplantation of the
heart. The effort to override rejection
by suppressing the patient’s immune re-
action against foreign tissue made in-
fection a major risk for the recipient
of a transplanted heart. The shortage
of hearts for transplantation has been a
continuing problem. Among other rea-
sons legal complications over the defini-
tion of death have held down the size of
the donor pool.

As of the beginning of this year about
360 heart transplantations had been
done worldwide. More than a third of
them were done at the Stanford Univer-
sity Medical Center, where Norman E.
Shumway and his colleagues are contin-
uing with their experimental program.
Progress there has raised the level of
survival to about 68 percent after one
year and 56 percent after five years.
Austen writes: “Today, therefore, heart
transplantation offers a rational therapy
for a few carefully selected patients with
end-stage heart disease who otherwise
would surely die soon. Does this prog-
ress mean that the procedure should
now be revived in cardiac surgical units
throughout this country? Certainly not.
Heart transplantation is still undergoing
clinical trial, and requires much further
refinement and evaluation.”

Of Men and Naked Mice

The clinical testing of an experimental
cancer therapy often raises ethical
dilemmas for the physician because the
possible benefits of the procedure must
be weighed against the risks or discom-
fort to the patient. In order to avoid such
painful choices many attempts have
been made to test novel therapies in
model systems such as animal tumors
or human cancer cells maintained in

culture. Such approaches are of limit-
ed value because human tumors vary
markedly from animal tumors in their
responses to therapies, and few human
tumor-cell lines grow well in culture.
The more desirable alternative—to grow
human tumors in laboratory animals—
also seemed impossible because the hu-
man tumors are normally recognized as
being foreign by the immune system of
the animals and are rejected like any
piece of tissue from an unrelated donor.

In 1966, however, investigators in
Glasgow reported a mutant strain of
mice that were totally hairless (“nude”)
and also lacked the thymus gland, a crit-
ical component of the immune system.
The nude mice could still manufacture
antibodies, but they were unable to
make the thymic lymphocytes (T cells)
essential for the rejection of grafts of
foreign tissue. The unexpected arrival
on the scene of these genetic “mistakes”
seemed to be a windfall for cancer in-
vestigators, since it meant that it would
finally be possible to transplant vari-
ous human tumors into the animals and
directly assess the effectiveness of nov-
el therapeutic agents in selectively de-
stroying the tumor cells.

The initial enthusiasm was dampened
somewhat, however, when the difficulty
of breeding the nude mice was realized.
Since they are lacking in immunological

Nearly a century ago, Paul Masson aged his premium wines slowly and patiently at this mountain winery.

Nearly a century later, we still do.
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Nothing good happens fast.

Paul Masson
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Eaton Update:

1 Getting the power
around the corner

Eaton hydrostatic transmis-
sions offer designers of agricul-
tural equipment great flexibility
by replacing awkward mechan-
ical linkages with hydraulic
lines that can go around or
through other components.
They allow the equipment to
work more efficiently because
operators have aninfinite selec-
tion of operating modes.

Eaton’s commitment to hydro-
statics started in the mid-
sixties. A new plant in Spencer,
lowa, is operating at maximum
capacity, and we are planning
another expansion to serve this
growing market.

2 The advantages

of being single

With Eaton’s Single Anchor Pin
brake system you can reline a

truck brake in just two minutes—
and the only tool you need is a
screwdriver. With conventional
double anchor pin systems the
job can take hours, even with
special tools.

This Eaton exclusive is saving
down-time for truckers all over
the country. But it's only one of
our many contributions to truck-
ing efficiency. We're a leader,
worldwide, in axles and heavy-
duty transmissions, and we're
winning an ever-stronger posi-
tion in components like brakes
and anti-lock systems, fan
drives, and air conditioning.

3 636-acre survival course

The Eaton Proving Ground at
Marshall, Michigan, subjects
truck and automobile compo-
nents to horrendous treatment.
The facilities include a 1.6 mile
oval track for sustained endur-
ance testing; road surfaces that
are just plain hostile; a salt bath
for corrosive brake lining tests;
and a1200-footskid padthatcan
simulate any skid condition.
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It's all part of Eaton’s total com-
mitment to quality. We market
new engineering ideas

only after having proved that
they excel at surviving in the
real world.

Eaton is a family of technologi-
cally related businesses with a
balanced combination of man-
ufacturing and engineering
skills. We're always looking for
new ways to use these skills in
markets where needs are grow-
ing. This approach to the man-
agement of change has been
achieving record sales and
earnings. For the complete
story, write to: Eaton Corpora-
tion, 100 Erieview Plaza,
Cleveland, Ohio 44114,

E.-T°N
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Qooo—
TUSED TO DESIGN
RACING CARS. BUT THE
AUDI 5000 WAS
A BIGGER CHALLENGE!

AN INTERVIEW WITH FERDINAND PIECH, AUDI 5000 PROJECT DIRECTOR

Pigch: Ten years in all. | brought six
cars from the drawing board to the
race track and all six went on to win
world championships. It was all very exciting.

Sir, how long
did you design
racing cars?

Pigch: It was for me. A racing car can
be designed to last for a few races
only. But a passenger car obviously
has to be designed to do much more
and to last much longer. In addition
to excellent performance and handling I had to con-
sider things like room, comfort and price.

And you say
designing

a passenger car
was more of

a challenge?

Pigch: | was determined from the be-
ginning toprove thatalargeGerman
luxury sedan could be produced for under $9,000

What about
the price?

Pigch: No. | don't think so. It was a
question of eliminating unnecessary
things. The greatest example of that
is our five-cylinder engine. Five cyl-
inders, because a four was too small
for the weight of the car, and a six was too extreme.
Designing the perfect engine for the vehicle can hardly
be called making a compromise.

Well, you
succeeded with
price, but did that
mean you had to
compromise alot?

Pigch: Yes, yes. Very much so. The
way the Audi 5000 handles, for in-
stance. The ride is not in the least bit
mushy. Our suspension, our rack-and-pinion steering

Your racing back-
ground? Did it
come in handy?

and our weight distribution have a lot to do with that.
Which is why we suggest that people pick a rainy or
snowy day to take a test drive. This car is at its best
when the weather is at its worst.

Piéch: No, notatall. Theyareexactly
opposite. Some people feel that asoft,
mushy ride is luxurious. We, the en-
gineers at Audi, do not. We think it’s
tiring because you seem to be cor-
recting the car's handling so often. We believe that a
truly luxurious car is one that does what you want it to
dowhen youwant it todo it. That's why we engineered
the Audi 5000 to be so precise and responsive.

Is it possible to
build a car witha
soft, mushy ride,
and still retain
great responsive
handling?

Piech: Like everything else, thereare
good things and bad things. The
good things we tried to incorporate
in the Audi 5000. More comfort. More room.To be
quiet. To give it cruise control as standard equipment.
And you can order a powerful, American type air con-
ditioning system for your places like Florida.

What do you
think of

American cars?

Pigch: | would say they can now buy

Quickly, what R
would you say a European car that was designed
to convince with American needs in mind. What

Americans to buy

an Audi 5000 we have tried to build is the one car

that’s the best of both worlds. | hope
that doesn’t sound, ah, what do you say...corny?

*Suggested 1978 retail price under $9,000 PO.E,, transp., local taxes, and dealer delivery charges, additional. Come test-drive the Audi 5000 at your local Porsche + Audi dealer.

11D,
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fact: thelV
does more...

much more!

Era IV begins! The new Shure V15
Type IV phonograph cartridge is
an altogether new phono cartridge
system that exceeds previous per-
formance levels by a significant

degree — not merely in one
parameter but in totality. The Type
IV offers:

Demonstrably improved tracka-
bility across the entire audible
spectrum.

Dynamically stabilized tracking
overcomes record-warp caused
problems, such as fluctuating
tracking force, varying tracking
angle, and wow.

Electrostatic neutralization of the
record surface minimizes clicks
and pops due to static dis-
charge, electrostatic attraction of
the cartridge to the record, and
attraction of dust to the record.
An effective dust and lint re-
moval system.

A Hyperelliptical stylus tip con-
figuration dramatically reduces
both harmonic and intermodula-
tion distortion.

Ultra-flat response — individu-

| V15 Type IV
SUPER
Tracikl\/

Stereo Dynetic® Phono Cartridge

For complete details on this remarkable
new cartridge write for the V15 Type IV
Product Brochure (ask for AL569) and
read the exciting facts on the V15 IV for
yourself.

HEEeES

Shure Brothers Inc.
222 Hartrey Ave., Evanston, IL 60204
In Canada:
A. C. Simmonds & Sons Limited

Manufacturers of high fidelity compo-
and related circuitry. /

\\nents. microphones, sound systems,
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defenses, nude mice are highly suscep-
tible to infection and must be raised in
a germ-free environment in which the
food, water, cages and bedding have
been sterilized. Even when such precau-
tions are taken the majority of the mice
usually die before weaning, and those
that survive grow slowly, have difficulty
reproducing and often succumb within
a few months. A colony established by
Nathan O. Kaplan and Gordon H. Sato
of the University of California at San
Diego, however, has proved to be an
exception: they have managed to breed
a thriving group of nude mice that now
numbers about 2,500. Kaplan suspects
that the success of the colony may have
something to do with the paucity of vi-
ruses in the La Jolla environment, but
the precise explanation remains mys-
terious.

In any case Kaplan and Sato have ex-
ploited their good fortune to grow more

| than 30 different lines of human tumors

in their nude mice. Most of the tumors
were removed from patients during sur-
gery at nearby hospitals, sterilized with
antibiotics, minced to separate the cells,
and injected beneath the skin of a nude
mouse within four hours after surgery.
Each tumor is transplanted from one
mouse to another every two or three
months to keep it growing; in this way
its progress can be monitored and the ef-
fect of various drug therapies observed.
Kaplan says: “This [technique] offers
clinicians and researchers the unprece-
dented opportunity to observe the con-
tinued growth of a patient’s tumor after
it has been removed from the patient.”

The San Diego investigators have had
various degrees of success in growing

| various human tumors in the nude mice.

Malignant tumors from the colon, the
skin and the lung are easy to establish,
whereas those from hormone-sensitive
tissues such as the prostate, or from
lymphoid tissues, are very difficult to
grow. The latter failures may be due to
the requirement of the tumors for par-
ticular hormones or to the residual im-
mune response in the nude mice. More-
over, benign tumors inevitably stop
growing in the nude mice after about
three transplantations over a period of
about a year. Why the benign tumors
stop growing is not understood, but it
may be due to the ‘“senescence” of the
tumor cells or to the depletion of an es-
sential growth factor that is found in hu-
man beings but not in nude mice.
Although their work is still in the ex-
perimental stages, Kaplan and Sato plan
to increase the size of their nude-mouse
colony to more than 5,000 animals so
that they can process human tumors on
a large scale. They predict that in the
future every cancer patient’'s tumor will
be carried in nude mice, so that the best
possible therapy for his type of cancer
can be devised and tested on the trans-
planted tumor before being adminis-
tered to the patient. Surprisingly, the
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procedure is not expensive: it now costs
between $150 and $200 to maintain a
tumor in nude mice for a year, and the
price should decline as the colony ex-
pands in size.

Another important factor in the de-
velopment of an effective cancer thera-
py is that it should act like a “magic
bullet,” killing cancer cells while doing a
minimum of damage to normal ones.
Since normal human tissues can also be
transplanted to nude mice, some estima-
tion of the possible toxicity of an experi-
mental drug or procedure can also be
evaluated in the animals. Kaplan and
Sato, in collaboration with Stephen B.
Howell of the University of California
at San Diego School of Medicine, have
transplanted human tumors on one side
of a nude mouse and normal human tis-
sue (such as skin or bone marrow) on the
other side. This technique promises to
enable investigators to make direct com-
parisons between the tumor-killing ef-
fectiveness and the toxicity of novel che-
motherapeutic agents before they are ad-
ministered to human patients.

The Redundant Maya

ow does one read an unknown lan-

guage? A case in point is ancient
Maya, which is currently yielding fur-
ther to modern scholarship. By the time
the Spanish were firmly entrenched in
Mexico and Guatemala in the mid-16th
century not much Maya writing re-
mained. From the libraries all that had
escaped the conquerors’ flames were
three gatefold manuscripts painted on
deerskin, now known as the Dresden,
Madrid and Paris codexes. In addition
there were 64 hieroglyphs written down
for Diego de Landa, Bishop of Méri-
da, by surviving Maya scribes in about
1566. A number of hieroglyphic inscrip-
tions also survived, some painted on pot-
tery but most carved on monumental
standing stones, on the walls of public
buildings, on the edges of altar stones
and even on the balustrades and ris-
ers of stone stairways that the Maya
had built at various centers in the low-
lands and highlands of southern Mexi-
co, Guatemala and Honduras over a
span of some 1,200 years.

The Maya inscriptions in stone are
still being catalogued; more of them,
and more inscriptions on pottery, turn
up every year. Judging from the inscrip-
tions available for analysis, Maya hiero-
glyphic writing was based on 400 to
600 individual glyphs that sometimes
stood alone but more often appeared in
combinations of two or more. Western
scholars of the 19th century quickly
grasped the Maya system of numerical
notation; studies since then have unrav-
eled the intricacies of the calendar sys-
tem and even outlined the achievements
of Maya astronomy. Until recently,
however, efforts to “read” noncalendric
Maya inscriptions met with results that
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DP Dhalogue

Notes and observations from IBM that may prove of interest to the engineering community

Here, telemetry devices transmit experimental data to a mobile laboratory. Similar
advanced technology is reflected in Deeres worldwide data base of thousands of
components, letting engineers utilize existing parts when developing new products.

At John Deere,No One
Reinvents the Wheel

Engineers at John Deere don’t spend
time reinventing the wheel or designing
new hydraulic pumps or valves when
existing ones will do the job. At their
fingertips are data on all Deere parts and

design parameters on commonly used
parts and components. This multina-
tional manufacturer of machines for farm
and construction has created a multilin-
gual database called WISE —Worldwide
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Information System for Engineering.

“If an engineer in, say, our Mann-
heim, Germany plant needs a hydraulic
cylinder design,” says Gordon Millar,
vice president of engineering, “he can
use an online terminal to call up com-
plete descriptions of similar cylinders
already in use in Deere worldwide. He
will probably find a design he can use
with little or no change.

In Four Languages

“Since WISE is literally a worldwide
system, it cuts across barriers of lan-
guage, distance and culture,” adds G.T.
Underwood, manager of Deere’s corpo-
rate engineering standards department.
“Our master list of terminology is al-
ready in four languages: English,
French, German and Spanish and all
dimensions are in metric and English.
WISE has greatly enhanced our
worldwide standardization efforts. Also
our engineers around the world can
readily access design specifications, ap-
plication information, cost, vendor lists
and the like.”

“WISE was the first element of a cor-
porate parts data base,” says Larry
Moore, administrator of engineering in-
formation in Deeres corporate en-
gineering standards department. “Now
it has links to other business systems in
the company, supporting applications in
such areas as service parts, warranty
service, and parts catalog publications.

“Currently there are about 50 CRT
(cathode ray tube) and 100 computer
output microfiche display stations in 20
design centers in the U.S., Europe,
Argentina, Australia and South Africa.
CRT's access our IBM ‘System/370 com-
plex in Moline through the same tele-
phone lines that carry our voice com-
munication.

“The engineer can search the data
base by attribute, such as the size or
pressure rating of a hydraulic cylinder.
In effect, he describes a desired part to
the system and automatically receives
back a listing of all Deere parts which fit
the description.

“We'e achieving better parts com-
monality, and better, faster communica-
tion among engineering and manufactur-
ing groups all around the world, by
means of the computer.”
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CADAM is Brought to Martin Marietta Engineers

Engineers are using a multiple-site
version of the Computer-Graphics
Augmented Design and Manufacturing
(CADAM) system at Martin Marietta
Aerospace. CADAM converts freehand
sketches, made with a light pen directly
on the screen of a CRT display, into fully
detailed and dimensioned drawings.

At Martin’s Orlando (Florida) Aero-
space Division, which designs and builds
sophisticated guided missile systems, the
interactive portion of CADAM runs on a
System/370 Model 138 in the division’s
main engineering facility. The data base
of drawings, graphics standards, and de-
sign data is stored in a host computer
operated by Martin Marietta Data Sys-
tems in a computer center five miles
away.

“With this approach, we can bring
CADAM to the engineer in his work en-
vironment, and at the same time give
him access to a centralized data base,”
says Kermit E. Gay, director of the Or-
lando Aerospace Account for Martin
Marietta Data Systems (also a subsidiary
of Martin Marietta Corp.). “Despite the
constant stream of revisions, CADAM
assures us that all engineers working on
related projects use the same version of

To calculate geometry and make
engineering drawings of missiles, Martin
Marietta uses CADAM, a program
product available from IBM.

the design data. And everyone uses the
same library of graphic standards for fit-
tings, hardware and other repeatedly
used graphic elements.”

Adds Thomas Boulter, engineering
task leader/ CADAM for the Orlando Di-
vision: “Putting functions ‘outboard’ in a
dedicated processor creates a simple,
responsive local system for us. And
CADAM is oriented toward me as an en-
gineer; it does things the same way I do.

“Today, we are developing every-
thing from early concept to production
drawings on CADAM, and doing it four
or five times faster than before.”

Engineer Paul Arnold designs
stabilized-platform gimbal systems and
other precision electromechanical
equipment at Orlando. “CADAM takes
over much of the math required to lay
out a mechanical system,” he says. “We
handle many cylindrical and conic sur-
faces, and the system takes care of all the
geometric calculations—coordinate
transformations and the like. We can ob-
serve gear engagement, gimbal articula-
tion, and similar part compatibility on
the terminal screen—blowing up the
scale of miniature assemblies as large as
necessary to see any interference. We
can make parts move on the screen—
‘precessing’ or rotating a gyroscope, for
example, through its full range of travel.”

“CADAM also helps us prepare de-
sign concepts for proposals,” Boulter
notes. “Working interactively at the
terminal, an engineer can reach an op-
timum configuration quickly.

“CADAM is easy to learn,” he adds.
“I was teaching others to use it after only
30 hours of instruction myself.”

Decision Tables Automate the Programming of Logic

01 02 03 04 05
Red Signal No No Yes Yes Yes
Right turn intended — - No No Yes
Pedestrian present No Yes Yes No No
Go X X
Stay X X X

This simple table makes the go, no-go decision for an automobile where right turns onred
are legal. Each vertical column is a rule to be read from top to bottom. The conditions
above the double line lead to the actions below it. DT ABL routines would determine that
one moreruleisneeded(“Yes, Yes, Yes, Stay” ) and that rules 03 and 04 can be condensed
into one by the use of “don’t care,” indicated by a dash.

Decision tables are not as well known
as they deserve to be. They are a power-
ful tool for coping with complex deci-
sion-making in such engineering applica-
tions as image analysis, flight simulator
control systems, and utility station or
other large plant control systems. A less
obvious example is the design of an elec-
tronic circuit to find the simplest layout
with the fewest crossovers.

On paper, decision tables are a clear,
concise and self-documenting notation
for program logic. With computer pro-
grams called decision table processors,
such tables can be converted into

executable programs by the computer
itself.

In the simple decision table above,
each vertical column on the right is a
rule. The number of possible rules rises
rapidly, even for small problems: as 2¥
with “N” the number of conditions.
Electrical engineers will note a re-
semblance to the notation used in “truth
tables” for switching logic.

IBM’s APL Decision Table Processor
(DTABL) accepts decision table input in
a simple format. The processor checks it
for validity and completeness, then de-
termines the most efficient flow se-
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quence through the logic. Finally,
DTABL generates a program in a
standard computer language such as
APL, PL/1, COBOL or ALGOL. Or
DTABL can express the program flow in
a user-written “pseudocode” (e.g.,
“Close valve no. 377), readily expanda-
ble into any desired programming lan-
guage.

In a complex application, it is easy to
overlook ambiguous, missing or redun-
dant rules, especially when “don’t care”
states are introduced. The DTABL
error-checking logic reports such errors
before it compiles a program.

When a program must be executed
many times, as in a real-time control sys-
tem, its length becomes crucial. DTABL
helps here with an optimization function
which usually generates programs as
short as, and sometimes shorter than,
those produced by experienced pro-
grammers.

Although DTABL is implemented in
the APL programming language, it can
be used with no knowledge of APL. The
engineer thinks in the logic of his appli-
cation; he need learn only a few simple
notation rules for filling in the decisicn-
table form to obtain the power of
DTABL.
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Who's Zoo: A Social Register for Animals

One American zoo needed a Celebes
ape not long ago. Another needed an
echidna (or spiny anteater). A computer
helped each identify a zoo with a surplus
of the desired animal.

The American Association of Zoolog-
ical Parks and Aquariums, in conjunc-
tion with Federal agencies and private
.. foundations, sponsors a project that
some day will store data on every animal
in every zoo in most countries of the
world. The association’s International
Species Inventory System (ISIS), head-
quartered at the Minnesota Zoological
Garden, Apple Valley, has already placed
in an IBM computer detailed informa-
tion on 25,000 mammals and 10,000
birds located in zoos in the United
States, Canada, and Europe. ISIS will
someday also include data on reptiles,
amphibians, and fish.

A Vital Task

Says Janice M. Olsen, systems man-
ager of ISIS: “A vital task of modern zoos
is to develop and maintain self-
sustaining populations of captive wild
species and—in certain cases—to provide
the only reservoir of species on the verge
of extinction. To do this, we must collect
data and share it.

“ISIS tells us the captive numbers
and reproductive rates of animals on the
endangered species list, such as the In-
dian rhinoceros, Siberian tiger and
orangutan. This information aids the de-
velopment of breeding management
programs for captive wild animals.”

Finding Rare Mates

Another valuable service of ISIS—the
acronym spells the name of the Egyptian
goddess of motherhood and protection —
is the finding ofa mate for a rare species
in a zoo that does not have one of each
sex. The computer, which is an IBM
System/370 Model 158 in the state data
processing center in St. Paul, Min-

nesota, helps to match animals needing
mates with available candidates, to the
benefit of the rare species themselves
and of zoos all around the world.

The International Species Inventory
System (ISIS), a computer data base of
animals in zo0os, is helping endangered

species like this Siberian tiger.

These program products,
implemented in the user-oriented APL
programming language, are operated
interactively, through a terminal.

1. A Departmental Reporting Sys-
tem (ADRS) allows the engineer to
produce reports customized to his
needs. It extracts the required infor-
mation from an existing data base.

2. APL Data Language is a
powerful data management facility: a
dictionary-driven, data-independent,
data storage and retrieval system.

Data Management and Retrieval Aids
for APL. Users

Complements the extensive data man-
ipulation capabilities of APL.

3. APL Data Interface is a
general-purpose facility for inquiry
into many types of data files. A simple
and economical way to interactively
access data to obtain immediate an-
swers to unanticipated questions.

For more information on these and
other IBM program products, contact
your local IBM branch office or write to
the Editor of DP Dialogue at the ad-
dress on the right.
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DP Engineering Dialogue is designed to
provide you with useful information
about data processing applications,
concepts and techniques. For more
information about IBM products or
services, contact your local IBM branch
office, or write Editor, DP Dialogue, IBM
Data Processing Division, White Plains,
N.Y. 10604.

Data Processing Division



were usually ambiguous and often con-
tradictory.

The situation has now changed great-
ly, much as when the “Linear B” texts of
Crete and Greece became meaningful
after Michael Ventris was able to assign
specific phonetic values to specific signs.
One crucial source of phonetic clues is
Bishop Landa’s transcription of some
30 hieroglyphs that, he believed, com-
prised a Maya ‘“‘alphabet.” It is now evi-
dent that the scribes who worked under
Landa’s direction were not writing down
an alphabet of their own language but
were faithfully transcribing each letter
of the Spanish alphabet into the Maya
glyph or combination of glyphs that had
the same phonetic value as the letter did
in spoken Spanish.

Four scholars are now collaborating
in a study that embraces the Landa pho-
netics, other clues regarding the sounds
represented by various glyphs and the
invaluable but hitherto little exploit-
ed colonial and postcolonial bilingual
Spanish “dictionaries” of various Maya
dialects. They—Floyd G. Lounsbury, a
linguist and epigrapher at Yale Univer-
sity, Linda Schele, a graphic analyst at
the University of South Alabama, Da-
vid H. Kelley, an anthropologist and
epigrapher at the University of Calgary
and Peter Mathews, a doctoral candi-
date in anthropology at Yale—are en-

gaged in reading one of the longest-
known Maya monumental inscriptions.
That inscription is one found at Palen-
que, a Classical Maya site of the sev-
enth to ninth centuries A.D. in the north-
ern hills of the state of Chiapas in Mexi-
co. Consisting of some 600 glyphs, the
inscription begins inside one structure at
the site, is continued in a second struc-
ture and is completed inside a third.
What were the Maya saying? The
four collaborators estimate that it will
take scholars another generation to
tease out the relation between the many
still unreadable glyphs and the various
Maya words listed in the Spanish bi-
lingual texts. Nevertheless, the present
state of knowledge makes it possible to
give meaningful readings of most monu-
mental inscriptions, which average be-
tween 15 and 30 glyphs in length. One
of the earliest Maya inscriptions to be
discovered appears on a small jadeite
engraving known as the Leyden Plate,
made early in the fourth century A.D.
The inscription, only 15 glyphs long, es-
tablishes a date in A.D. 321 (according to
what is known as the Thompson corre-
lation) and goes on to read: “[Undeci-
phered name] was seated, this ruler of
the Sky family of Tikal.” Tikal is a Clas-
sical Maya center in the Guatemala
lowlands. The inscriptions on most of
the Late Classical monuments in low-

land Guatemala and adjacent Mexico
record exactly this kind of information,
set down in exactly the same manner.

The situation at Palenque is different.
The native limestone is too brittle to be
made into the conventional stelas, or
standing stones, that carry most Maya
monumental inscriptions. Having interi-
or walls rather than stelas to work with
enlarged the total area available to the
Palenque scribes by at least a factor of
eight. Challenged by the empty space
the scribes chose redundancy as a means
of filling it. Beginning with the accession
of an ancestral goddess, the inscription
lists 12 successive rulers, mythical and
real, before concluding with highlights
in the life of the 13th ruler in the Palen-
que line: his accession in A.D. 684, the
75th anniversary of his father’s acces-
sion, the eighth anniversary of his own
accession and the dedication of the in-
scription itself, which was completed in
A.D. 702. The 13th ruler, named “‘Ser-
pent-jaguar” (phonetically Chan-bah-
lum), is honored as one who suckles
the gods by ritually letting blood from
his penis. To fill the Palenque walls,
the birth, pedigree, accession, military
achievements, ritual acts and deaths of
Chan-bahlum’s 12 predecessors are re-
peated at least once in the inscription; in
certain instances the information is re-
peated five times.

The newest space program. By Sansui.

gy

The GX-7 deluxe rack.

96

Sansui has conquered space — the
space in your listening room. With Sansui’s
deluxe new GX-7 rack you can enjoy the
superior performance of Sansui’s high qual-
ity audio components without turning your
home into a sound studio.
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Create the high fidelity system that's
ideal for you. Choose from Sansui’s full line
of high performance receivers, cassette
decks, turntables and speakers. We've
chosen, for example, an economical,
mid-powered system, including a G-3000
low-distortion AM/FM stereo receiver,
SR-232 belt-driven semi-automatic tumnta-
ble, SC-1100 cassette deck with Sansui’s
exclusive Direct-O-Matic loading, and
the SP-X6000 super high-efficiency
loudspeakers.

The GX-7 offers so many advantages:
three adjustable shelves; separators and
plenty of room for your records; a tem-
pered-glass door for protection against
dust; and casters for complete mobility. The
superb craftsmanship of the GX-7 ensures
utmost reliability. The finish is a handsome
simulated walnut grain.

To enjoy the very finest in high fidelity, it's
the Sansui deluxe GX-7 rack. At your fran-
chised Sansui dealer.

SANSUI ELECTRONICS CORP.

Woodside, New York 11377

Gardena, California 90247
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The Cousteau Odyssey

This spring,"“The Cousteau that has held theimaginationof ~ buried under the sea. While put-
Odyssey” continues with an extra-  people everywhere. ting the indelible stamp of his
ordinary journey into a legend. As in his two previous genius on a legend that is sure

“Calypso’s Search for Atlantis. Cousteau Odyssey specials, to keep inspiring people for all
Parts [ and IT” “Diving for Roman Plunder” time.

Intwo hour-long specials for  and“Calypso’s Search for the “Calypso’s Searchfor Atlantis”
PBS television, Captain Jacques Britannic)’ Cousteau again It's an adventure that takes us
Cousteau explores a totally new manages to opennew doorsto  to one of the key sources of our
theory about the lost civilization ~ the mysteries that have been civilization.

The production of “The Cousteau Odyssey” specials for PBS is made possible by a grantfrom Atlantic Richfield Company to KCET, Los Angeles, A R C O
expressly for the funding of the broadcasts. The specials are produced by Jacques Cousteau and Philippe Cousteau in association with KCET.

AtlanticRichfieldCompany
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Ultrasound in Medical Diagnosis

With ultrahigh-frequency sound waves and imaging techniques first

devised for radar and sonar, it is now possible to explore structures

within the human body painlessly, safely and at relatively low cost

by Gilbert B. Devey and Peter N. T. Wells

echniques for examining the inte-

rior of the living human body

have traditionally entailed distinct
risks and sometimes considerable ex-
pense. For example, until recently the
only way to get certain kinds of clinical-
ly invaluable information about the in-
terior of the heart was to insert a long,
flexible catheter into it through a vein in
the arm, a procedure with a risk of death
of between.1 and 1 percentand a typical
cost of $1,500. To obtain information
about other organs physicians have of-
ten had to resort to exploratory surgery
and the insertion of hollow needles. In
the main, however, physicians have ex-
amined the interior of the body with X
rays. Even then the examination of soft
tissues often calls for the introduction of
X-ray-opaque substances, procedures
that can be painful and that have haz-
ards and costs of their own.

Within the past decade another agen-
cy has provided new methods of exam-
ining the interior of the body painlessly
and with a minimum of risk and ex-
pense. That agency is ultrasound. In-
stead of organs’ being investigated by
surgery, needle or X ray they are probed
with pulses of ultrahigh-frequency
sound waves that send back echoes.
From the echoes, by means of tech-
niques first developed for radar and so-
nar, pictorial images of the organs can
be constructed.

Although the possibility exists that ul-
trasound could affect the tissues and
could even damage them, over the past
two decades millions of patients have
been examined by ultrasonic techniques
and no adverse effects have been report-
ed. Taken together with the negative re-
sults of experiments designed to discov-
er the biological effects of diagnostic ul-
trasonics, to us that is convincing proof
that the conditions of exposure with cur-
rent techniques are innocuous. There-
fore ultrasonic diagnosis is safer than
methods employing ionizing radiation
such as X rays, a fact that is of partic-
ular importance for the examination of
pregnant women and young children.
Asaresult ultrasonic techniques are now
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coming into their own as a means of
obtaining pictorial cross sections of the
body, of measuring the performance of
the heart and the flow of the blood and
of identifying tumors, cysts and other
abnormalities, including certain types of
cancer.

Although it has been only within the
past decade that ultrasonic diagnosis
has become accepted in a substantial
number of hospitals, the first attempt to
gain information about the structure of
the human body with ultrasonic energy
dates back 35 years. In 1943 Karl T.
Dussik in Austria tried to map the out-
lines of the liquid-filled ventricles of the
brain by recording in two dimensions
how ultrasound is attenuated when it is
continuously transmitted through the
head. This method, which had been pro-
posed 13 years earlier by S. Y. Sokolov
in the US.S.R., failed because of the
distorting influence of the skull. During
World War II, however, on the basis of
another suggestion by Sokolov, systems
were devised independently by Floyd A.
Firestone in the U.S. and D. O. Sproule
in England to detect flaws in metals by
sending pulses of ultrasound into the
material and analyzing the echoes. Soon
after the war J. J. Wild and J. M. Reid of
St. Barnabas Hospital in Minneapolis
and independently D. H. Howry of the
University of Colorado School of Medi-
cine succeeded in adapting the pulse-
echo techniques to the investigation of
biological structures. In 1957 Shigeo Sa-
tomura in Japan reported that he had
monitored moving structures in the
body by detecting the Doppler shift in
the frequency of the ultrasonic echoes.
Since then many experimenters have
been actively working on refining these
techniques.

The Optics of Ultrasound

The ultrasonic waves used in medical
diagnosis are sound waves with frequen-
cies of millions of hertz (cycles per sec-
ond), far above the range of human hear-
ing. When pulses of ultrasound travel
through a medium, they are reflected
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and scattered according to the same
laws of optics that describe the behav-
ior of audible sound. Most diagnostic
applications of ultrasound depend on
the fact that the pulses are partially re-
flected at boundaries between media
that differ in their characteristic imped-
ance. The impedance of a medium is
equal to the product of its density and
the velocity of sound through it. The
density of soft tissues is close to the den-
sity of water; the velocity of ultrasound
through tissues is close to the velocity
of sound through water, ranging from
1,450 meters per second in fat to 1,600
meters per second in muscle. Therefore
the difference between the impedance of
one tissue and that of another is small,
and the echoes reflected by the bounda-
ries between them are faint.

For example, at the boundary be-
tween kidney tissue and fat tissue only .5
percent of the incident energy is reflect-
ed. Such echoes are generally large
enough, however, to be detected by a
sensitive receiver. Furthermore, since so
much of the ultrasonic energy travels
across the boundary, it penetrates deep-
er and thus is an effective probe of or-
gans deep within the body. On the other
hand, the boundaries between soft tissue
and either bone or gas return strong ul-
trasonic echoes because of the large dis-
continuity in impedance. These strong
reflections limit the usefulness of ultra-
sonic diagnosis in some cases because
they tend to mask the weaker echoes re-
turned from the boundaries between soft
tissues.

In any imaging system the resolution
of the image is fundamentally limited by
the wavelength of the radiation em-
ployed to form it. In principle the reso-
lution is increased as the wavelength is
decreased, and since the wavelength of
the radiation is inversely proportional
to the frequency, better resolution calls
for higher-frequency radiation. In prac-
tice ultrasound is attenuated as it travels
through biological materials by being
spread, scattered and absorbed, and the
rate at which ultrasonic energy is attenu-
ated is directly proportional to the fre-



ULTRASOUND IMAGES OF THE LIVER compare a normal liver
(left) with a cirrhotic one (righ?). In the image at the left the normal
liver is the large, irregularly shaped gray mass in the center; the dark
slits inside it are veins seen in cross section. The dark oval object be-
low the liver is the kidney; the white band above the liver is the pa-

ULTRASOUND IMAGES OF THE HEAD of two one-month-
old infants reveal hydrocephalus in one. Both images represent axial
(horizontal) cross sections through the skull. The oval white line is
the skull itself. The white line through the middle of the skull is the
midline of the brain, and the white lines parallel to it are the bound-

ULTRASOUND IMAGES OF THE BREAST reveal the presence
of tumors. At left is an image of a normal breast; the regular mottled
texture of the image indicates that the tissues are healthy. At right is
an image of a breast with two small benign cysts; the cysts, which
reflect ultrasound differently from the way surrounding tissues do,

tient’s skin. In the image at the right the cirrhotic liver is surrounded
by fluid in the abdomen, which shows up as the black regions outside
the organ that are particularly noticeable at the top left and bottom
right. Both ultrasound images represent longitudinal cross sections
through the body with the patient’s head out of the picture to the left.

aries of the fluid-filled ventricles in the brain. In the left image the
ventricles are normal in size. In the right image an excess of fluid has
greatly enlarged the ventricles and compressed the brain against the
inside of the skull. (Short white lines resembling pieces of straw and
lack of gray tones are artifacts of the machine that made the images.)

show up as the two black spots near left edge of breast. Both images
represent longitudinal cross sections through the body with the head
to left. All the images on this page were provided by Barry B. Gold-
berg of the Division of Diagnostic Ultrasound in the Department of
Radiology at Thomas Jefferson University Hospital in Philadelphia.

99

© 1978 SCIENTIFIC AMERICAN, INC




COAXIAL CABLE

BACKING BLOCK
TRANSDUCER

LENS
.-"/ \».
r ““LIMIT OF BEAM

\ PULSE

L

PROBE for ultrasound pulse-echo diagnosis both transmits and receives the ultrasonic pulses.
The tr er is a pi lectric disk mounted on a backing block to damp its oscillation so
that it is capable of sending out short pulses. The assembly is housed in a casing. A lens at-
tached to the front face of the transducer slightly focuses the ultrasonic beam; in medical in-
vestigation the active portion of the beam is generally the region between the transducer and
a point just beyond the focal point. The beam consists of a train of ultrasonic pulses that are
emitted about a thousandth of a second apart. Each pulse, which is shaped like a teardrop,
travels in the beam at the speed of sound and is reflected by the structures within the body.
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ULTRASOUND PULSES ARE REFLECTED by organs and other structures in the body.
This series of three panels shows the progress of a pulse (color) in “slow motion.” The object
of interest is the organ. The pulse first reaches the near wall of the organ (1); that wall returns
an echo (gray), but most of the original pulse continues through the organ (2). At the far wall
of organ a second echo is returned (3), but remainder of pulse continues on toward vertebra.
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quency. Therefore in any particular ap-
plication it is necessary to compromise
between resolution and penetration by
choosing a frequency that is high
enough to give good resolution but low
enough for the echoes from the deepest
structures to be detected.

In most cases the optimum frequency
is one that reaches the organ when it
penetrates no more than 200 wave-
lengths. For example, at a frequency of
three megahertz (three million hertz) the
wavelength of the ultrasound is .5 milli-
meter, and it can yield good images of
tissues that are as much as 100 millime-
ters deep. Hence at any particular depth
the constraints on the-wavelength con-
trol the scale of the anatomy that can be
investigated. In abdominal and neuro-
logical examinations current techniques
give optimum resolution at frequencies
between one and three megahertz, cor-
responding to wavelengths of between
1.5 millimeters and .5 millimeter. In car-
diovascular examinations the optimum
frequencies range between two and five
megahertz, corresponding to wave-
lengths of between .75 and .30 millime-
ter. In ophthalmological examinations
the optimum frequencies range between
six and 20 megahertz, corresponding to
wavelengths of between .25 and .075
millimeter.

Ultrasonic Imagery

In an ultrasonic diagnostic system the
ultrasonic pulses are generated by a
probe that houses a piezoelectric trans-
ducer. Usually the same transducer
serves for detecting the pulse echoes. As
in radar and sonar, detecting the echoes
yields information about the positions
of reflecting interfaces within the medi-
um through which the pulses are travel-
ing. Ultrasonic echo-ranging depends
on measuring the time interval between
the moment the pulse is transmitted and
the moment its echo is received. Since
the pulse travels the same path twice
(going and returning), the distance be-
tween the probe and the echo-producing
interface is equal to half the product of
the time interval and the pulse velocity.
At a velocity of 1,500 meters per second
the echoes require about 1.33 microsec-
onds to travel each millimeter of the go-
and-return path.

Pulse-echo information obtained
from the human body can be displayed
on a cathode-ray tube in several differ-
ent ways. One way is a range-finding dis-
play called the A-scan display. In the A
scan the horizontal axis represents the
time required for an echo to return, cor-
responding to the distance between the
reflecting structure and the probe; the
vertical axis corresponds to the strength
of the echo.

Interpreting a clinical A scan depends
on prior knowledge of the anatomy of
the structures lying along the path of



the ultrasonic beam. If the anatomy is
known, two kinds of information can be
obtained from the A-scan display. First,
the distance between the probe and the
echo-producing surface can be precisely
determined. Such information is valu-
able for locating structures such as the
midline of the brain. Normally the mid-
line structure symmetrically separates
the two sides of the brain, and its echo is
found midway between the probe and
the echo from the far side of the skull.
The arrival time of the midline echo is
advanced or delayed, however, if the
midline structure is displaced by a
space-occupying mass such as a tumor.
The second kind of information that can
be derived from the A scan is distin-
guishing between different kinds of
mass: a mass of soft tissue returns low-
amplitude internal echoes, whereas the
liquid content of a cyst returns practi-
cally no echoes at all.

For most purposes the echo-ranging
information contained in the A scan can
be presented more effectively in the
form of a brightness-modulated display
called a B scan. In the B scan each ultra-
sonic echo is represented by a spot of
light. The position of the spot repre-
sents the position of the echo-produc-
ing interface on an invisible time axis;
the brightness of the spot represents the
strength of the echo.

The B scan forms the basis of several
display systems. One is the time-posi-
tion scanning system, which can moni-
tor moving structures such as the beat-
ing heart. The probe sends a regular
series of pulses in the desired direction
through the heart, and the line of return-
ing echoes is displayed on a fiber-optic
chart recorder; the positions of the ech-
oes from the moving structures in the
heart move correspondingly on the fi-
ber-optic display. A continuous strip of
light-sensitive recording paper is fed
past the display, and the moving echoes
are recorded as time-varying wave-
forms on the paper. If it is desired, the
waveforms can be correlated with the
trace from an electrocardiogram. If the
probe is sequentially aimed in several
directions through the heart, it is possi-
ble to assess the function of each of the
heart valves and to evaluate the struc-
ture and function of the heart.

Two-dimensional Scanning Systems

The B scan also forms the basis of an
imaging system that is particularly im-
portant in medical diagnosis: a system
that forms pictorial images of two-
dimensional cross sections through the
body. In order to form such an image
the ultrasonic probe is mounted on a
mechanical scanner that moves in two
dimensions. The scanner then provides
data based not only on the strength of
the echo and the distance of the source
of the echo from the probe but also on
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ECHOES OF PULSES ARE DISPLAYED on a cathode-ray tube, yielding information about
the internal structure of the body. Two different types of display are shown. The upper one
is the A-scan display, which is a graph of peaks showing the echoes received with respect to
time. Strength of each echo is indicated by height of its peak. The first echo received is from
the abdominal wall, the second is from the near side of the organ, the third is from the far side
of the organ and the fourth is from the vertebra. Echo from the far side of the organ is fainter
than the one from the near side because the ultrasound is attenuated as it penetrates deeper
into the body. The echo from the vertebra is quite strong, however, because bone reflects a
large fraction of the ultrasound energy and soft tissues reflect only a small fraction of it. The
lower display is the B-scan display, which represents the echoes on the cathode-ray tube as a
series of bright spots. Again the position of each spot represents the time required for the echo
to return, but the strength of each echo received is represented by the brightness of its spot.

the position of the probe and the direc-
tion of the ultrasonic beam. At each po-
sition of the probe on, say, the abdomen
of a patient the echoes are returned
from the organs lying along the path
of the ultrasonic beam. As the probe
is slid across the abdomen different or-
gans lie along the beam. The position
and brightness of the echo at each posi-
tion are stored by the scanner, and
when the probe has completed its mo-
tion across the patient’s abdomen, the
integrated image of all the stored sig-
nals is displayed, showing the patient’s
body in cross section.

There are several methods by which
the two-dimensional image can be built
up, stored and displayed. The simplest is
photographic: a camera is set up facing
a cathode-ray-tube display and the shut-
ter is left open during the entire scanning
procedure. The image is thereby inte-
grated and stored on the film. The image
can also be integrated on a cathode-ray
tube of the storage type, but no storage
tube currently available has an adequate
gray scale, or dynamic range, for satis-
factorily displaying the subtle differen-
ces between echoes of different intensi-
ties received from different structures.
The result is that the contrast of the im-
age is too high to be medically valuable.
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Today most scanners store the image
in scan converters. There are two basic
types of converter: analogue and digital.
The analogue scan converter is a vacu-
um-tube device resembling a cathode-
ray tube, but the phosphorescent screen
of the cathode-ray tube is replaced by a
silicon target. The surface of the target
consists of a mosaic of tiny silicon oxide
elements, each of which stores a charge
corresponding to the brightness of the
image at that position. After the image
is integrated it is displayed on a cathode-
ray-tube monitor.

The analogue scan converter has ex-
cellent dynamic range and resolution,
but its satisfactory operation depends
on careful adjustment. To avoid some
of the adjustment problem the most re-
cent scanners employ solid-state digital
scan converters. In the digital scan con-
verter the image information is split up
into a regular two-dimensional matrix
of small picture elements; the matrix
typically has 512 elements on a side. The
position of each of the 262,144 picture
elements corresponds to the location of
a “word” in a random-access memory
of a small computer. The brightness of
each picture element corresponds to the
value of the word. After the information
of the image is integrated it can be dis-
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played on a cathode-ray tube and pho-
tographed.

From the beginnings of the applica-
tion of ultrasound to medical diagnosis
there has been much interest in the pos-
sibility of identifying malignant tumors,
indeed of identifying the histology of
any area of interest. To some extent the
two-dimensional images showing both
the boundaries of structures and the
echoes arising from within the struc-
tures already enable physicians to infer
the histological nature of suspect masses
of tissue. The ability to positively distin-
guish among tissues of all types by
means of noninvasive ultrasonic mea-
surements, however, would represent a
revolution in medical diagnostics. For
this reason investigators in ultrasound
laboratories all over the world are ob-
serving the way different tissues absorb,
scatter and otherwise modify ultrasonic
waves in an effort to identify and cata-
logue the ultrasonic ‘“‘signatures” char-
acteristic of different tissues.

Meanwhile scanning systems that do
not rely heavily on tissue signatures

serve for diagnostic purposes. For ex-
ample, ultrasonic examinations are al-
ready valuable in obstetrics. With ultra-
sound it is possible to determine very
early whether or not a woman is preg-
nant and to diagnose various compli-
cations of pregnancy such as polyhy-
dramnios (excess of amniotic fluid),
anencephaly (absence of the brain in the
fetus) and hydatidiform mole (faulty de-
velopment of a pregnancy). It is easy to
determine the location of the placenta,
and ultrasound should be the first meth-
od tried in examining patients suspected
of having the placenta abnormally close
to the birth canal. With ultrasound it is
possible to accurately measure the bi-
parietal diameter (the short dimension)
of the fetal skull; during the second tri-
mester that dimension provides a reli-
able index to the maturity of the fetus.

The two-dimensional scanner is also
valuable in gynecology for revealing
cysts and tumors. Moreover, the scan-
ner can serve to diagnose cysts, absces-
ses and cancers of the liver, to examine
the kidney and to assess aneurysms, or

ballooned-out segments, of arteries,
particularly the abdominal aorta. The
scanner can also determine the exact lo-
cation of tumors and delineate their
shape, making it possible to plan radia-
tion treatment more accurately and to
monitor the effect of chemotherapy.

In all these investigations the scanner
probe is held in direct contact with the
skin and the ultrasound is coupled into
the body through a layer of gel or oil.
Such a system is convenient for rapidly
scanning the abdominal region. In order
to obtain an image of an organ, how-
ever, the operator must be skillful in
moving the probe over the abdomen and
must have a good knowledge of anato-
my. Moreover, this type of scanner is
not suitable for investigating superficial
structures such as the thyroid, sensitive
organs such as the eye and soft struc-
tures such as the breast that would be
distorted by the pressure of the probe. In
order to overcome such problems two-
dimensional scanners have been devel-
oped where the transducer moves in a
bath of water; the ultrasound is coupled
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TIME-POSITION SCANNING SYSTEM employs the B-scan dis-
play to monitor moving structures such as those within the beat-
ing heart. A clock triggers the transmitter to excite the ultrasonic
probe to emit pul Simult: ly the clock triggers a time-base
generator to drive the deflection plates of a fiber-optic cathode-ray-
tube display. Echoes returning from within patient’s heart produce
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signals in the probe. The signals are amplified by the receiver, and
strength of the signals modulates the brightness of the fiber-optic dis-
play. As the heart beats, the echoes from the moving structures move
correspondingly on the display. Ultraviolet-sensitive recording pa-
per is fed past the display at a constant rate and records the mov-
ing echoes as waveforms changing their position with respect to time.
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into the patient either by immersing the
patient in the water or by placing in con-
tact with the skin over the organ of inter-
est a flexible membrane that forms one
of the walls of the bath. The water-bath
arrangement may be inconvenient, but
in addition to making it possible to scan
otherwise unsuitable structures it has
two great advantages: the motion of the
scanner can be automated so that skilled
operators are not needed, and the trans-
ducer can be quite large so that resolu-
tion is increased.

Real-Time Scanners

The two-dimensional scanner we have
been describing takes between three and
15 seconds to build up an image of one
full cross section through the body. This
type of scanner would not be appropri-
ate for scanning moving structures such
as the heart or rapidly searching a large
volume for a particular feature. In such
situations a real-time scanning system
is needed: a system that rapidly forms
an entire series of stop-action images.
If individual frames from such a real-
time study are viewed as still pictures,
they are not particularly informative.
They spring to life, however, when they
are presented as a sequence of real-time
moving images. Moreover, real-time
two-dimensional scanners require less
training to operate than the non-real-
time two-dimensional scanning sys-
tems, and their moving-picture displays
are often easier to interpret, enabling the
physician and the machine to work to-
gether more effectively.

In principle there are two types of
real-time scanner. The first type is sim-
ply an adaptation of the non-real-time
two-dimensional instrument, designed
so that the probe moves back and forth
across the patient at such a high rate
that the sequence of images it generates
freezes the action of the moving feature.

The second type of real-time scanner
has in its simplest form a fixed array
of transducers that are operated one
after another in rapid sequence in order
to scan the organ repeatedly in a two-
dimensional plane. This type of scanner
has the disadvantage of each transducer
in the array being rather small, so that it
has low sensitivity and poor resolution.
Those problems can be avoided either
by processing the signals by computer
or by having a large number of trans-
ducers in the array and activating them
in groups of, say, four or five. Alterna-
tively the transducers can be replaced by
thin-strip elements placed close together
side by side. Electronic circuits intro-
duce appropriate time delays in the sig-
nal path of each element, depending on
the element’s distance from the target,
and thus steer and focus the beam of
ultrasound; the images that are built up
from such focused beams have a high
resolution.
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CROSS SECTION OF THE HEART (top) shows the structures through which the ultrasonic
beam (color) passes as it is aimed in four successive directions through the organ as a time-
position scan is made. The time-position scan obtained is shown diagrammatically at the bot-
tom, with the traces from several structures labeled. Position I corresponds to the apex of
the heart, 4 corresponds to the base of the heart and 2 and 3 are in between. The time-posi-
tion scan is shown in relation to a simultaneous recording from an electrocardiograph (EKG).

With all real-time imaging systems it
is necessary to compromise between the
line density (that is, the number of lines
scanned per frame) and the number of
frames scanned per second. When the
motion of the target can be satisfactorily
reconstructed at a low frame rate (witha
corresponding increase in line density),
flickering of the moving image can be
avoided by storing the frames in a digi-
tal scan converter that allows each line
to be refreshed sequentially, without the
need to erase the entire image all at the
same time.

Doppler Scanning Systems

The frequency of an ultrasonic wave
reflected from a stationary structure is
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equal to the frequency of the incident
wave. The case is quite different for
flowing blood or a moving structure
such as the beating heart. If the wave is
reflected from a target that has a compo-
nent of motion along the axis of the inci-
dent beam, the reflected wave has its fre-

‘quency shifted by the Doppler effect.

In any particular medium the velocity
of ultrasound is constant. Movement of
the target toward the probe compresses
the wavelength of the reflected wave, in-
creasing the frequency; movement of
the target away from the probe length-
ens the wavelength of the reflected
wave, decreasing the frequency. The
frequency shift is proportional both to
the frequency of the incident wave and
to the velocity of the target. For every
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millimeter per second that a structure in
the body moves, the frequency of the
incident ultrasonic wave is shifted ap-
proximately 1.3 hertz per megahertz.
For example, an ultrasonic wave with a
frequency of five megahertz is Doppler-
shifted in frequency by about 650 hertz
when it is reflected from a target moving
along the direction of the beam at a ve-
locity of 100 millimeters per second.

For Doppler-shift measurements the
ultrasound is transmitted into the body
in the form not of pulses but of a contin-
uous wave. As in pulse-echo diagnoses,
the ultrasonic frequency is chosen to be
as high as possible to give the best reso-
lution and at the same time to be low
enough to penetrate the body to the re-
quired depth.

Two transducers are mounted side by
side in the probe: one for transmitting
the wave and the other for receiving its
reflections. The transmitting transduc-
er emits continuous low-intensity ultra-
sound toward the moving target; the
receiving transducer detects echoes re-
turned both from the target and from
the stationary structures around it. The
signals from the receiving transducer
are electronically mixed with the ref-
erence frequency of the transmitting
transducer.

Now, when two sound waves are
mixed, four frequencies are obtained:
the frequency of the first wave, the fre-
quency of the second, the sum of the two
frequencies and the difference of the two
frequencies. The output from the mixer
is filtered to stop all but the difference of
the two frequencies: the Doppler-shift
frequency. Depending on the velocity of
the structure observed, the Doppler-
shift frequency can be up to a few thou-
sand hertz, which is in the audible range.
The operator monitoring the moving
target is therefore equipped with ear-
phones. If the probe is aimed toward a
stationary structure, the operator hears
nothing; if it is aimed toward a mov-
ing structure, the operator hears a tone
whose frequency is equal to the Dop-
pler-shift frequency. If the structure is
the beating heart, the tone varies with
the heartbeats.

The most widely used Doppler-shift
ultrasonic instrument is the fetal-heart
detector. The detector is in effect a high-
ly directional and sensitive stethoscope
that is extremely valuable in determin-
ing whether or not the fetus is alive; in
a normal pregnancy it is generally pos-
sible to hear the Doppler-shifted sig-
nals from the fetal heart after about the
12th week. Moreover, the fetal heart

rate is a useful guide to the condition of
the fetus during labor. For that applica-
tion the transducers are designed to have
a relatively large beam width, so that
the heart can be continuously monitored
even when the fetus changes position.

The flow of the blood can be detected
by the Doppler shift in the frequency
of the ultrasound reflected or backscat-
tered from the blood cells. For peripher-
al vessels ultrasound frequencies of be-
tween five and 10 megahertz give the
best compromise between resolution
and penetration; for deeper vessels, such
as the thoracic aorta, a frequency of two
megahertz is needed.

The probe is scanned by hand over the
skin, and the Doppler-shift signals are
received only when the ultrasonic beam
passes through the moving blood. Infor-
mation about blockages in the vessels
can be obtained simply by listening to
the Doppler-shift signals as the probe is
held at different sites over the sus-
pect vessel. For example, deep venous
thrombosis (the presence of a blood clot
in a vein) can be detected in the femoral
vein by an abnormal change in the Dop-
pler-shift signals from the groin when
the patient’s calf is squeezed. The Dop-
pler-shift signals can be followed to
map the course of the blood vessels, en-
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TWO-DIMENSIONAL IMAGE of a cross section through the body
can be obtained with the B scan. Here the fetus is being examined in
a pregnant woman. The probe, which is mounted on an articulated
arm, is moved across the patient’s abdomen by a technician. The

beam are measured by the resolvers on the arm and are recorded as
electronic signals. Those signals control the time-base generators,
which in turn control the deflection plates of the cathode-ray tube
bmldmg up the image. The principle behind the building up of ultra-

changing position of the probe and the direction of the ultr
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ge is shown in more detail in the illustration on page 106.

© 1978 SCIENTIFIC AMERICAN, INC



A A

*1-

/ % TURIBS:

SAAB TURBO IS THE POWER OF THE FUTURE. world's finest performance cars. Performance

The Saab Turbo can be the most exhilarating driving features such as front wheel drive, rack and pinion

experience of your life. steering, Bilstein shock absorbers, 4-wheel power
Feel turbo power thrust you on to a highway. Feel assisted disc brakes and rear spoiler.

turbo power shoot you ahead when it's time to pass. Come into the future. Test the Saab Turbo. And be
The Saab turbocharged unit—here symbolized by ready to unleash yourself. $9,998*
the turbo fan—is an engineering masterpiece. It *The m?_nufa_lt_:turersrflugges:.ed :gtail rli’.O.E. pvic: io{_the Saab(‘jl'g.r(l.)o inlcludes dealer
H 1 preparation. laxes, title, destination charges ana options are aaditional.
takeS the turbo power Of the |nd|anap0||s 500 and All Saab models are available through our Tourist Delivery Plan. Ask your local Saab
Le Mans and harnesses that power to work at dealer for more information,

speeds you drive daily.

The Saab Turbo is turbo power integrated with m IS THE COMMAND
features which have ranked Saab as one of the PERFORMANC!CAR.

105

© 1978 SCIENTIFIC AMERICAN, INC



Universals

abling the physician to locate occlusions
(blockages) or stenoses (constrictions) in
vessels such as the carotid arteries that
supply the brain. It is a quick, noninva-
sive and painless procedure, where em-
ploying X rays for the purpose calls for
the hazardous injection of a contrast
medium into the blood.

One trouble with the ultrasonic Dop-

most arteries is that the veins often lie
close to the arteries, and signals from
the blood flowing in the veins can inter-
fere with signals from the blood flowing
in the arteries. To be sure, the blood in
the veins flows in a different direction
from that in the arteries, but simple
Doppler-shift instruments cannot distin-
guish between upward and downward

pler-shift technique in investigating shifts in the backscattered frequency;
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“Aesthetics is presented in this collec-
tion as a mode of cognition that focuses
on forms and metaphors used in scien-
tific conceptualizing and modeling. . . .
Viewed as a way of knowing, aesthetics
in science is concerned with the
metaphorical and analogical
relationship between reality and con-
cepts, theories, and models.”
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body is built up from a series of B scans made
is slid around the patient’s abdomen (/eff); at

each angle (I, 2, 3) it sends out pulses and receives echoes. Position and brightness of echoes
received at each angle are stored in a scan converter, which could be a storage tube or the mem-
ory of a small computer (right). At the end of the probe’s traverse the information from all the
scans is integrated in the scan converter and displayed as a cross section through the body (4).
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only the difference between the trans-
mitted frequency and the received fre-
quency is recorded, not its direction of
change. More sophisticated instruments
incorporate electronic techniques to re-
tain this directional information.
Additional information of clinical
value can be obtained from Doppler-
shift instruments by analyzing the fre-
quency spectrum of the signals back-
scattered from the blood. In a frequency
spectrogram time is represented on the
horizontal axis, frequency is represent-
ed on the vertical axis and the intensity
of the frequency is represented by the
degree to which the recording is black-
ened. In an artery the blood at the center
of the vessel moves at the highest veloc-
ity and the blood closer to the walls
moves progressively slower. The profile
of the flow across the artery is usually
parabolic. Therefore at any one instant
there is a band of Doppler-shifted sig-
nals, the signal of the highest frequency
corresponding to the velocity of the fast-
est-moving blood. If there is an athero-
matous (arteriosclerotic) plaque on the
inner wall of the artery, it obstructs the
flow of the blood; the obstruction alters
the shape of the flow profile and hence
the shape of the frequency spectrum.
Analysis of the frequency spectra of

Doppler-shifted signals can yield valu-
able data on the condition of the heart
and the general state of the arteries.

Unlike the A-scan and B-scan sys-
tems, which employ pulses of ultra-
sound, the systems that rely on a contin-
uous wave of ultrasound cannot mea-
sure the distance of the target tissue
from the probe. Several systems have
been devised to obtain the range infor-
mation by time-coding the transmitted
signals. For example, the transmitter
can be “gated” so that instead of emit-
ting an unbroken continuous wave it
emits a long pulse. Just as in the A-scan
and B-scan systems, the range of the tar-
get is then determined from the length
of time it takes for the receiving trans-
ducer to detect the pulse. If the target is
stationary, the frequency of the received
signal is equal to the frequency of the
transmitted one; if the target is moving,
however, the frequency is changed by
the Doppler shift.

Other Ultrasonic Devices

No review of ultrasound in medical
diagnosis would be complete without
mention of ultrasonic holography. For a
time this technique seemed to hold
much promise as a potential diagnostic

tool: how ideal it would be to recon-
struct three-dimensional pictures of the
internal organs in their proper spatial
relations! For some years much money
and effort were devoted to investigating
the possibility. The results were disap-
pointing, and little work on ultrasonic
holography is now being done.

It is easy to understand some of the
physical reasons for these results. In ul-
trasonic holography the target object is
illuminated with coherent ultrasonic ra-
diation, that is, radiation in which all the
waves are in phase. The reflections from
the object are then allowed to interfere
(either directly or electronically) with a
reference beam of the radiation, and the
interference patterns are recorded elec-
tronically on a sheet of photographic
film. After the film is developed the ho-
lographic image is constructed by illu-
minating the film with another beam
of coherent light radiation. Holography
is a nonimaging process: the “camera”
does not have a lens. The wide aperture
needed to record the interference pat-
terns therefore demands that the radia-
tion illuminating the target be fairly in-
tense. If the target is an organ inside the
human body, there are biological limita-
tions to the intensity of the ultrasonic
radiation that can be employed. At bio-
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ULTRASOUND IMAGES OF A FETUS in the uterus can be stud-
ied months before birth in order to monitor the progress of the preg-
nancy, the infant’s maturity, its health and its position. Both images,
made by George Kossoff at the Ultrasonics Institute in Sydney in
Australia, are cross sections of same fetus made in different planes
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through the mother’s abdomen. The map at the right of each photo-
graph identifies the most prominent features in the image. The maps
show that the brain and the internal organs of the fetus are revealed
by ultrasound and can also be examined. The black grid crossing
the photographs is the graticule on the face of the cathode-ray tube.
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logically acceptable intensities of ultra-
sonic radiation, however, the wide aper-
ture required for recording the reflected
radiation yields an intolerably poor ra-
tio of signal to noise.

That is only one problem faced by
ultrasonic holography. The difference
in the wavelength between the ultra-
sound that generates the hologram and
the light that reconstructs the image
enormously distorts the image when it is
viewed. Variations in the velocity of the
ultrasound in different tissues throw dif-

ferent portions of the ultrasonic beam
out of phase, confusing the interference
patterns. Because many organs appear
to be smooth at the wavelengths of ul-
trasonic frequencies they act as specular
reflectors, and the amplitude of the ech-
oes from the organs depends strongly on
the angle of the transmitting beam with
respect to the film. Strong reflections
mask weaker ones, and the presence of
bones and gas-filled organs limits the an-
atomical sites that can be examined. The
data are further degraded by the fact

NORMAL FETUS in the uterus is shown in this ultrasonic image. Curved black arch is the
mother’s abdominal wall; gray oblong region below it is the placenta with the umbilical cord
leading to the fetus’s abdomen. Fetus is lying face up with its head to the right, its body in the
middle and its bent leg, foot and big toe to the left. This image, the one below and the one on
page 112 are longitudinal cross sections through the mother’s body with her head to the left.
They also show black line on white background, whereas the ones on the preceding pages show
white line on black background; no one way of displaying the images is considered standard.

EXCESSIVE AMNIOTIC FLUID, the condition known as polyhydramnios, has been diag-
nosed from this image. Polyhydramnios often accompanies other abnormalities. Two fetuses
are visible: head of a dead fetus is the oval structure to the right, and the legs of a live fetus are
extended in middle. As indicated by echoes from a scrotum between the legs, live fetus is male.

© 1978 SCIENTIFIC AMERICAN, INC



CUSTOMER INFORMATION FROM GENERAL MOTORS

HOW TO REDUCE RUST

YOU MAY BE WASHING THE WRONG SIDE OF YOUR CAR.

Spring is a perfect time
to do something about rust.
Rusting is a year-round
problem, and corrosive con-
ditions have become a lot
worse in the last five years.
If you live where salt is
used to melt ice on the roads,
that is speeding up corrosion
on your car. If you live in the
country, it’s the calcium
chloride that’s spread ondirt
roads to hold down dust.
And corrosive chemicals in
the air are causing rust in
every part of America.
We're doing something
to help prevent rust on the
new cars we're building.
Meanwhile, you can do
something about reducing
rust on your car.
It'simportant to wash your
car often. Use a mild soap
and lukewarm or cold water.
Please don’t neglect
the underside of your car.
The worst rusting happens
from the inside out. That’s

because salt, slush, and
even mud tend to collect in
the crevices underneath the
car, in the door creases, and
inside the fenders. Moisture
gets trapped in those places
and causes rust. So try to
wash the underside of your
car, too. In winter, if you can,
and at the first opportunity
in spring. Even if it's only a
few times a year, that would
help some.

If your car getsdented,
scratched, or chipped, try
to get it repaired as soon
as possible. Even a “small”
scratch is bad. Becauseonce
a car starts to rust, the dam-
age spreads fast. The paint
around a dent or scratch can
look okay, but rust is spread-
ing underneath. In the long
run, it's cheaper to fix the
car right away.

A lot of people think that
parking a car in a heated
garage during the winter
will help prevent rust. But
it’s just the opposite. Cold
slows down the rusting pro-
cess, as it does most chem-
ical reactions.

We’re doing more now to
protect GM cars from rust.
For one thing, we're using
more rust-resistant mate-
rials, including different
types of zinc-coated steel, in
places where rust usually oc-
curs. Also, our new paint
primers and the way we
apply them are designed to
provide a thorough finish,
even on some parts of the
car you can't see.

Our goal is to protect
your car so that it lasts
longer and gives you the
most value. And fighting
rust helps.

This advertisement is part of
our continuing effort to give cus-
tomers useful information about
their cars and trucks and the
company that builds them.

General Motors

People building transportation
to serve people
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that during the lengthy recording proce-
dure the patient cannot remain perfectly
still: the heart beats and the lungs ex-
pand and contract. As a result the holo-
graphic image is blurred. Because of all
these problems ultrasonic holography
seems to be a dream that cannot soon be
realized.

Overall Status

The widerange of the present applica-
tions of ultrasound in medical diagnosis
gives ultrasound a distinctive role to
play alongside other investigative tech-
niques. In some specialties such as ob-
stetrics ultrasound has virtually re-
placed other imaging methods. It has
even been estimated that in two or three
years obstetricians in the US. will re-
quire ultrasonic examinations to be
made in half of their consultations with
pregnant patients. In other specialties
such as cardiology ultrasound has be-
come one of a range of tools. Nonin-
vasive ultrasonic examinations of the
heart have reduced by 20 percent the
need for the hazardous cardiac catheter-
ization; moreover, the ultrasound exam-
ination costs only about $90 and does
not require hospitalization.

In still other specialties ultrasound
has not yet come into its own but seems
very promising. For example, investiga-
tors are currently looking into the poten-
tial of ultrasound in examining the pros-

.

tate gland. Malfunctions or diseases of
the prostate afflict more than half of all
men older than 50. Ultrasound promis-
es to be a simpler, more comfortable
and more effective means of examina-
tion than tactile probing by a physician.
With ultrasound a medical technician
can accurately measure and permanent-
ly record sections of the prostate and
from them reconstruct three-dimension-
al images of the size and shape of the
entire gland. Moreover, since ultra-
sound probes the interior of the gland, it
can detect abnormal conditions such as
inflammation (prostatitis) and tumors.
Still another important possibility is that
of detecting breast cancer very early by
abnormal Doppler signals from the flow
of blood in the tiny blood vessels that
tumors develop to support their growth.

There are a number of technical and
operational problems still to be solved
before ultrasonic diagnostic instruments
will become as commonplace in clinical
medicine as the electrocardiograph or
the X-ray machine. Improvements must
be made in real-time systems and in
Doppler-shift systems. With the plum-
meting cost of electronics, however, the
capability per dollar of instrumentation
is increasing at a dramatic rate. As a
result the single biggest limitation to the
widespread introduction of ultrasonic
diagnostic techniques today is simply
the training of the necessary personnel
to implement them.

TRIPLETS are revealed in this image: the three fetal heads are the three oval structures in a
row under the gray placenta. This image and those on page 110 were provided by Goldberg.
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The Lek Mating System
of the Sage Grouse

In a lek system a large percentage of the females mate with

a small percentage of the males. How the system operates

among the sage grouse of the Rockies is examined in detail

f all the bizarre rituals in animal
O courtship few are more impres-

sive than the lek mating system
of the sage grouse. On the high sage-
brush plateaus of the Rocky Mountain
region both sexes congregate during the
breeding season at communal display
grounds, or leks (originally a Scandina-
vian word meaning play). There the
males display repeatedly. Although 50
or 60 male sage grouse may gather at
a lek, most of the visiting females cop-
ulate only with the same one or two
males, and most of the males find no
mates at all.

The lek mating system, characterized
by a transitory association of both sexes
at a regular location and extremely un-
equal copulatory success among the
males, has evolved among distantly re-
lated species of birds, including certain
grouse, birds of paradise, sandpipers,
weaver finches and the manakins and
cotingas of Central and South America.
It is also found among insects, fishes and
mammals. Because the system is such a
clear case of unequal matings by males
it has long fascinated zoologists. I felt
that an example as extreme as that of
the sage grouse might clarify some gen-
eral principles of animal mating systems.
For this reason I recently undertook a
three-year study of sage grouse mating.

In winter, when the sagebrush pla-
teaus are swept by snow and high winds,
the sage grouse depend almost entirely
on one evergreen plant, the big sage-
brush, for both shelter and food. These
grouse are among the largest birds of
their family and show a marked sexual
dimorphism: adult males average 2.5
kilograms in weight and adult females
only 1.2 kilograms. Beginning in the first
warm days of February the males con-
gregate at leks scattered on the sage-
brush plains. Throughout March and
April and on into May each male re-
turns morning after morning to his par-
ticular lek and to a particular position
within the lek. Female grouse visit the
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lek for a much briefer period, usually
some 20 days in April.

Activity on a lek begins at first light,
an hour or so before sunrise, and contin-
ues for three or four hours. During this
period the males spend much of their
time repeating what early observers of
sage grouse dubbed “the strut.” The
male inflates his elastic esophageal sac
by heaving the sac upward and then let-
ting it fall. By doing so twice he expands
the sac until it contains some four liters
of air. Then, contracting the superficial
muscles of his chest, he compresses the
inflated sac and suddenly releases the
compressed air. The result is a resonant
popping sound, much like the sound of a
cork being pulled from a bottle. Each
cycle of inflation and release takes a lit-
tle more than three seconds; between
struts the male usually stands in a con-
spicuous attitude, his white neck feath-
ers ruffied and his tail feathers cocked
vertically. Elaborate displays are char-
acteristic of lek-mating animals, but
sage grouse reach an extreme of gro-
tesque behavior.

When the female grouse visit the lek
in April, they arrive in large numbers
around sunrise and tend to congregate
in a dense pack at the center. The one
or two males near the center strut back
and forth through the congregation of
females and copulate with them at in-
tervals. Each female usually copulates
only once and then leaves to make her
nest, sometimes as much as four kilome-
ters away from the lek. The female lays
six to eight eggs, incubates them for 26
days on the average and rears the young
birds without any further association
with a male.

Of the 50 or 60 males that attend a lek
during the breeding season the large ma-
jority never copulate at all and only a
few copulate repeatedly. In the course
of a season a successful male mounts
from 20 to 60 females; I once recorded
34 successful copulations by the same
male in a single morning. Overall at
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least 90 percent of the copulations at
any particular lek are participated in by
no more than 10 percent of the males
present.

Earlier naturalists who were interest-
ed in Charles Darwin’s theory of sexual
selection were particularly intrigued by
the lek mating system. For example,
when Edmund Selous described the leks
of the black grouse in England in 1909,
he emphasized the competition among
the males and the selection of the most
vigorous males by the visiting females.
Indeed, for decades before data on po-
lygynous behavior in other animals be-
came available lek-forming birds pro-
vided the prime examples for the theory
of sexual selection. Today, with detailed
studies, we are in a better position to
understand the social interactions that
generate the unequal distribution of
matings on leks. My own studies show
that sage grouse exhibit many features
of behavior that are present in other lek-
forming animals, although in a less ex-
aggerated form.

ne characteristic of leks is their tra-
ditional location. The sage grouse
return year after year to virtually the
same spot. For example, in 1949 Robert
Patterson of the Wyoming Game and
Fish Commission located all the sage
grouse leks in 650 hectares (some 1,600
acres) of sagebrush in the western part
of the state. He repeated his survey in
1950 and 1951. He found no new leks
but observed that every lek recurred in
the same location each year. The record
for documented adherence to one loca-
tion belongs to the Muddy Springs lek
near Laramie, Wyo. first studied by
John Scott of the University of Wyo-
ming in 1940 and 1941. The location of
the Muddy Springs lek had not changed
when I worked in the area 28 years later.
Not only the lek itself but also the
mating center, a small inner area about
10 meters in diameter where most of the
copulations occur, is found in the same



MATING CENTER at a sage grouse communal display ground, or cause it has inflated its esophageal sac with air in the course of a court-
lek, in Wyoming is crowded with female grouse. A male grouse, much ship display known as a strut. The skin over the sac protrudes promi-
larger than the females, here appears to be even larger than usual be- nently and the male’s head is hidden in a ruff of white neck feathers.
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UPRIGHT FAN of tail feathers is part of the male sage grouse’s dis- that differs from male to male, as is evident in these photographs.
play posture. Raising the tail feathers brings the shorter, brown feath- Memorizing the different patterns enabled the author to identify in-
ers under them into view; their white tips form a distinctive pattern dividual males in sight of his blind and to follow their movements.
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100 METERS

LARGE LEK IN WYOMING included three zones where males occupied territories; those
zones contained a total of four mating centers, each center some 50 square meters in extent.
Most of the females congregated at these centers. Every morning in season more than 250
males gathered at the lek. The author’s blind was set up next to one of the four mating centers
(upper right). Intermittent tributary streams feed Dry Sandy Creek; hence the name of the lek.

place year after year. Scott, Patterson
and I have all observed this consistency
of location, although in small leks or
leks disturbed by human activities the
location of the mating centers seems to
be less consistent.

Sage grouse leks vary in the number
of males in attendance. At some small
leks only a few males congregate; some
large ones have more than 400 males,
although such a large number is unusu-
al. In any event when more than 50 or 60
males congregate, the lek always has
more than a single mating center. Thus
in a really large lek one can expect to
find one mating center for about every
50 males. This means that a large lek is
in effect an aggregate of smaller ones, so
that the basic unit of sage grouse social
organization is a lek covering about two
hectares (five acres) that is visited in sea-
son by as many as 50 or 60 male grouse
and has a single mating center some 50
square meters in extent.

Even a biologist shivering in his blind
at dawn, alone on the vast Wyoming
plains, finds a big lek an imposing spec-
tacle. Each arriving male grouse settles
in its territory within the lek morning
after morning to strut and to defend its
boundaries against intrusion by other
males. If one male should strut near
the boundary of another male’s terri-
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tory, the challenged male will often re-
spond by shifting its own strutting closer
to the threatened boundary. Periodical-
ly neighboring males will interrupt their
strutting for an outright boundary en-
counter. The encounters can begin sud-
denly, with one male rushing at another
that has come too close to the line. The
two males end up almost side by side,
each facing past the other; they jockey
back and forth a few steps at a time.

Occasionally tension mounts and ac-
tual fighting breaks out. Holding posi-
tions roughly side by side, the two males
beat each other vigorously with their
wings. Normally neither male is clearly
defeated. As with territorial encounters
in other animal species, the contestants
soon back away into their respective do-
mains. Injuries must occur occasional-
ly, but I never saw a male hurt in one of
these encounters.

ccurate observation of this kind of
behavior requires an ability to iden-

tify every male grouse individually.
Rather than risk upsetting the birds by
capturing them for artificial marking, I
learned to identify individuals by the
unique pattern formed by the feathers
under their cocked tail; the short feath-
ers under the tail are chocolate brown
with white tips, and no two patterns are
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exactly alike. In each year of my study
I soon came to recognize every male
within sight of my blind.

I was also able to plot the location of
each boundary encounter within a radi-
us of 30 to 50 meters from the blind by
making a detailed map of the terrain;
the map included every bunch of sage-
brush and clump of grass in view. The
plotting was further assisted by laying
out small flags in a grid near the blind. I
also used a 16-millimeter motion-pic-
ture camera to monitor the activities of
the males. By filming at the time-lapse
rate of one frame every four seconds
I could generally record the behavior
of as many as five males over a two-
hour period beginning at sunrise. When
I plotted the locations of boundary en-
counters on the map, it turned out that
the lines of demarcation between ad-
jacent males’ territories were precise:
many boundaries were defined to within
a meter or less. Territories near the mat-
ing center were smaller than territories
toward the outer edge of the lek: no
more than 30 square meters compared
with 100.

My observations established that
each male sage grouse reigns supreme
within its own territory. Most impor-
tant, within its own territory each male
can copulate without being challenged
by a neighboring male. It is only when
a male mounts a female close to a ter-
ritorial boundary that the neighboring
male dashes forward and precipitates a
confrontation that interrupts the cop-
ulation. Any male grouse, regardless of
its success or lack of success in mating
with the females, is subject to a neigh-
boring male’s attack if it attempts copu-
lation too near a territorial boundary.

To occupy a territory within or near
the mating center of a lek is to enjoy a
great advantage in copulation; a male
so situated will copulate repeatedly,
whereas its immediate neighbors cop-
ulate only rarely. In spite of this dis-
crepancy the less successful neighbor
will not intrude on the more successful
male to interrupt copulation, and the
more successful one will not intrude on
the less successful one, unless either at-
tempts copulation too near the territori-
al boundary. Clearly a male sage grouse
becomes successful in mating not be-
cause of any ability to interrupt other
males’ attempts at copulation but be-
cause it has obtained a territory that co-
incides with a mating center.

Naturalists in the past were uncertain
whether the male grouse at leks evinced
territorial behavior, in which neighbors
meet as equals at mutual boundaries, or
a dominance hierarchy, in which dom-
inant males exclude subordinate ones
from an opportunity to mate. Actual-
ly the social interactions of male sage
grouse are a blend of these two clas-
sic patterns of behavior. Neighboring
males meet at boundaries more or less
as equals. They only occasionally in-



trude into each other’s territories, even
when one mates frequently and the oth-
er does not. Yet males are attracted to
the mating center within a lek. As a re-
sult each male tends to strut most of the
time near its territorial boundary closest
to the mating center. At the same time it
guards against intrusions from neigh-
bors whose territories lie farther from
the mating center than its own. I found
that each male attacks those neighbors
farther from the mating center more of-
ten than the neighbors attack the more
central male. In effect the males prac-
tice “polarized territoriality”: they are
ranked in a dominance hierarchy in ac-
cordance with the distance of their terri-
tories from the mating center.

hat behavioral responses of the fe-

male grouse establish the mating
center? One hypothesis, proposed by the
first naturalists to study leks, is that male
grouse differ from one another and that
the females, following some criterion of
form or behavior, choose to mate with
the most attractive male on the lek and
thereby transform its territory into a
mating center. The hypothesis seems
plausible at first; the casual observer at
a lek soon sees that the males adjacent
to the breeding center strut more of-
ten than males farther removed, spend
more time in the strutting posture and
also have more frequent boundary en-
counters with neighboring males. Con-
ceivably any one or all of these actions
might attract females. One must be cau-
tious, however, about accepting such an
explanation. The possibility cannot be
excluded that the greater activity of the
males near the center is the result of the
females’ congregating there rather than
the cause. If males are more active when
they are near females, then regardless of
how the females select a place to congre-
gate the males at the selected site would
exhibit the greatest activity.

To test these alternative explanations
I recorded the activities of male grouse
located either centrally or peripherally
on the lek under conditions of equiv-
alent proximity to the females. Time-
lapse photography helped me to docu-
ment the males’ behavior in three differ-
ent circumstances: when females were
inside the territorial boundary of the
male being observed, when females
were inside the territory of an immedi-
ately neighboring male and when no fe-
males were in either the observed male’s
territory or the territory of any of its
immediate neighbors.

In the first instance I found that the
males strutted frequently, often at an
apparently maximum rate (in excess of
six struts per minute). They strutted less
often when the females were present
only in a neighbor’s territory, and they
scarcely strutted at all when no females
were in adjacent territories. Thus there
were no consistent behavioral differen-
ces between successful and unsuccess-
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MALE TERRITORIES surrounding one mating center at the Dry Sandy lek were occupied
by 20 grouse at the time of the author’s observations. Each bird was assigned an identifying
number; the four numbers in colored circles identify yearling males in their first season on a
lek. The two numbers in colored squares identify the most sexually active males; the four num-
bers in colored triangles identify males that also copulated but less frequently. Black triangles
locate grid-corner flags, aids to territory mapping; boundaries with broken lines are known
less accurately than those with solid lines. Colored rectangle outlines lek area shown enlarged
in the illustration below. Only the six males so identified and none of the 14 other identified
birds nor the many males with territories farther from the mating center succeeded in mating.
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MATING RECORD over a 20-day period in April shows high activity on the part of males
No. 7 and No. 4, lower activity on the part of males No. 3, No. 9 and No. 12 and no activity at
all on the part of male No. 8. Six mating efforts were interrupted, all of them when the male
concerned attempted copulation at a point too near the boundary of a neighboring territory.
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STRUTTING SEQUENCE of the male sage grouse during a single
three-second strut is illustrated at the top. The graph at the bottom

ful males under conditions of equivalent
proximity to females.

Jon Hartzler of the University of
Montana has also attempted to discover
individual differences between success-
ful and unsuccessful male sage grouse at
varying distances from females. For his
criterion he used the absolute distance

MATING-CENTER ACTION during a 25-minute period in mid-April
at the Ford’s Creek lek in Montana can be followed in the eight frames
from a time-lapse film reproduced here. The mating-center area coincid-
ed with the territory of one male grouse; a caret above each of the frames
locates the male. Some seven females and four males can be seen in the first
frame; the females are congregated inside the mating center (middle), and
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SECONDS

between the male and the female rather
than the female’s presence in the male’s
territory or absence from it. He found
that successful males are slightly more
active than unsuccessful ones at the
same distance from the female. The dif-
ference in our respective findings might
be due to our different criteria regarding

shows variations in the height of the male’s esophageal sac expressed
as a percent of the maximum; a near-maximum is seen in illustra-

a male’s proximity to females. At the
moment it is not clear whether beha-
vioral differences of individual males af-
fect the females’ choice of a place to
mate. The fact remains that the more
frequent strutting activity of male
grouse adjacent to the lek mating center
is primarily the effect of the females’

male A (caret) has just moved toward one edge of its territory
to confront one of three neighboring males. The encounter last-
ed for less than four seconds; in the next frame male 4 has re-
turned to the assembly of females. In the third frame, some five
minutes later, male 4 has moved to the opposite side of the terri-
tory, where a female solicits copulation. In the fourth frame, less
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tion d. The upward toss that accompanies inflation of the sac is seen
in b and d; the contraction that produces a popping sound is seen in

congregating there and not the cause.

In actuality a female grouse might
choose a mating place in ways other
than by discriminating between differ-
ences in the behavior of males. For ex-
ample, the males’ territories are smaller
near the mating center than they are at
the periphery of the lek, so that the con-

than a minute later, male 4 copulates for the first time (zoom
lens close-up). Some three minutes later (fifth frame) male 4 and
a second female copulate; neighboring males continue to dis-
play. Less than two minutes later (sixth frame) the neighboring
males are dispersed to the far reaches of their territories and only
one of the three (right rear) is in camera range. Male A4 struts

A L
2.1 2.2 2.3 2.4 25
SECONDS

gregation of males is densest near the
center. The females might recognize this
difference in density and choose to mate
in the areas that have the denser concen-
tration of displaying males. The den-
sity information, although not specific
enough to locate the mating center ex-
actly, would identify its general location.

v
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e, some 2.3 seconds after the male begins its display. All male sage
grouse strut in the same manner with only minor individual variations.

Another possible cue is even more
ambiguous. A mating center is usually
located at a point within the lek where
the growth of sagebrush is sparse. There
are usually several such comparatively
bare spots within the lek. yet only one
will be the site of a mating center.

A highly specific cue for the location

alone amid the female assembly. Some four minutes later (seventh frame)
male 4 copulates for the third time. The bird copulated five more times in
the next eight minutes, thereby inseminating all but one of the nine females
that had gathered at the mating center in the morning. By the ninth minute
(eighth frame) male A has moved to the right to confront the male that
occupies this adjacent territory. The gathering of females is dispersing.
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of the mating center is the presence of a
tight pack of females. This information,
however, would be available only to
those females that arrived at the lek lat-
er in the morning than the rest.

My own observations show that fe-
males arriving at a lek tend to follow
one another and to stop as a group even
when they are still some distance from
the mating center. This attention of the
females to one another’s behavior might
enable the females that were breeding
for the first time to follow more experi-
enced ones to the mating center, but
only if the experienced ones had already
learned the location of the center earlier
in the breeding season or remembered
the location from a previous year. A
characteristic of one-year-old females
noted by Robert Eng of Montana State
University and Paul Dalke of the Uni-
versity of Idaho and their colleagues
provides a mechanism whereby experi-
enced females might cue novices. Eng
and Dalke found that novice females ar-
rive at the lek later and lay their eggs
later in the breeding season than second-
season and older females do. In other
words, mature guidance is available to
the novices.

So far it is uncertain which combina-
tion of cues guides the female sage
grouse in selecting a place to mate. Two
facts—that females follow one another
on the lek and that they gather in a dense
cluster at the mating center—suggest,
however, that interactions between the
females themselves, and not merely the
females’ response to the males’ displays,
control most if not all of the females’
breeding behavior.

he key question here is clearly not
“How do females choose a partic-
ular male to mate with?” but “How
do males acquire territories at a mat-

50[

40, I'—]

30| |

20—4 |

PERCENT OF OBSERVED MATINGS

10}
l

oL

ing center?” The recurrence of a mating
center in the same location within a lek
year after year cannot reflect an endur-
ing preference of the female grouse pop-
ulation for individual male grouse. This
becomes obvious when one considers
that mortality in the male grouse popu-
lation runs at a rate of about 50 percent
per year. To learn how some males
reach the mating center one must focus
on the social dynamics that regulate ter-
ritorial accession.

On the leks that I observed the proc-
ess of accession can be described as cen-
tripetally oriented filling of vacancies.
Whenever a male grouse disappeared
overnight, the vacancy it left was occu-
pied by one or more neighboring birds
whose territory was farther from the
mating center. I never saw a male fill a
vacancy that was farther from the center
than its own territory.

The vacancy-filling process was grad-
ual. Often on the first day none of the
missing male’s neighbors made any ma-
jor intrusion on the vacant territory.
Over the next day or two, however, a
peripheral neighbor would extend its
strutting activities farther and farther
until the vacancy had been transformed
into its new territory. The inward move-
ment of course left the newcomer’s for-
mer territory vacant and would initiate
an inward shift by the next most periph-
eral neighbor.

The process is not always precisely
predictable, even though no males move
in an outward direction and none leap-
frog over an intervening territory. For
example, two neighbors equidistant
from the center sometimes divide a
more central vacancy between them,
but on other occasions one bird lays
claim to the whole of the more central
vacancy and the other ignores the new-
ly created vacancy and remains in its

I ] I l I 1

" MALE NO. 4 NO. 7 NO. 3

NO. 9 NO.8 NO. 12

SEASON-LONG RECORD of the six mating males at the Dry Sandy lek shows that the two
most active birds were responsible for 86 percent of the 42 copulations observed at the center.
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old territory. Regardless of such details,
within any one mating season the male
grouse tend to move gradually closer to
the mating center simply by filling va-
cancies.

That male grouse continue their prog-
ress toward the mating center year after
year seems likely for several reasons.
For one thing, in many species of lek-
forming grouse the males maintain at
least perfunctory contact with their leks
throughout the year. On warm days in
the fall and winter they visit their leks
briefly in the morning. They do not usu-
ally strut much on these off-season occa-
sions, but the visits could enable individ-
ual males to maintain contact with their
lek neighbors on a year-round and even
a year-to-year basis. In this connection,
banding studies have demonstrated that
once a male grouse has established a ter-
ritory on one lek the bird rarely moves
to another lek in subsequent breeding
seasons.

bservations of lek activity in late

winter, just before the male grouse
begin to congregate in earnest, reveal an
absence of vigorouscompetition for cen-
tral positions. Only a few of the males
established on the lek will show up on
any one morning, and the birds are rela-
tively inactive. Thus it seems reasonable
to suppose the filling of vacancies due
to winter mortality is a gradual proc-
ess, beginning with the return of the sur-
viving males to their approximate for-
mer positions. It is certainly the case
among sharp-tailed grouse, as Henry
Kermott of the University of Minneso-
ta has documented in detail. He found
that the process of gradual movement
toward the mating center begins in the
male’s first breeding season and contin-
ues from year to year.

First-year sage grouse males, easily
recognizable because their tail feathers
are less sharply pointed than those of
older males, arrive at the lek much later
in the breeding season than the older
males. The young males probably visita
number of leks before settling at one of
them. Most of the first-year males have
yet to establish their own territories on a
lek by the time the female grouse arrive.
By the middle of April, when copulation
is in progress, the young males take up
positions on the periphery of the lek. In
due course they begin normal territorial
behavior, coming regularly each morn-
ing to reoccupy their chosen domain.
Here the luck of the draw can play a part
in the young males’ future success. Leks
are seldom exactly symmetrical. As a
result some of the first-year males will
find fewer occupied territories between
them and the mating center than others
will. At the same time the advantage of a
superior initial position can be nullified
if the random death of older birds does
not vacate intervening territories.

The evidence hence suggests a consis-
tent hypothesis for male sexual success



along the following lines. In its first year
the male grouse establishes a territory at
the edge of a lek. In successive years the
bird tends to return both to the same lek
and to the same general location with-
in the lek. The bird’s location shifts
centripetally both within a season and
from year to year, and its progression to-
ward the mating center—and mating suc-
cess—remains probabilistic throughout.
Although there is undoubtedly a good
deal of variation in the ages of males
that reach the mating center, the first-
year males will virtually never mate and
the second-year males are less likely
to achieve mating success than older
males. Thus there is a regular ontoge-
netic trajectory, or developmental pro-
gression, by which a male achieves full
reproductive success. In the simplest
terms, the key to success is age before
beauty.

What has been said so far applies to
males. Is there any such ontogenetic tra-
jectory for the female grouse? Evidently
not. Almost all the females mate each
season; they begin to reproduce in their
first year and lay about the same num-
ber of eggs annually as long as they sur-
vive. The young male grouse, on the
other hand, not only rarely reproduce
but also are less developed than older
males in terms of morphology and phys-
iology. Their plumage is not as devel-
oped as the older males’, and even at the
height of the breeding season their testes
are smaller.

I have termed this difference in the life
cycles of male and female sage grouse
sexual “bimaturism,” a condition analo-
gous to sexual dimorphism. Bimaturism
is characteristic not only of the sage
grouse and other lek-displaying birds
but also of most if not all animals with
polygynous mating systems. Even hu-
man society is not exempt: where po-
lygynous marriage is practiced the dif-
ference in age between the male (older)
and the female (younger) at first mar-
riage is substantial.

So far I have attempted to analyze the
behavioral mechanisms that regu-
late the structure of the sage grouse
lek system. How might such a social
system have evolved? One feature of
the system—the congregation of display-
ing males—could have evolved, at least
among grouse, in a straightforward way.
Clustering at mating time would have
adaptive value for grouse in open habi-
tats by virtue of protecting the display-
ing males from predators’ surprise at-
tacks in the dim light at dawn. Polygy-
nous grouse that live in forests do not
form leks; the individual males occupy
large territories and perform their dis-
plays at widely dispersed locations. In
open country, however, the males of all
polygynous grouse species display in
aggregations. The presence of so many
watchmen, so to speak, affords each
male some protection from predators
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such as eagles and coyotes. Indeed, I
have witnessed several close escapes
from attacking eagles that seemed to
know the location of the lek. The preda-
tors, flying close to the ground, used low
ridges for cover, and often they ap-
proached unobserved within 100 meters
of the lek before their final dash.

What is more difficult to explain is the
evolution of a social structure that fea-
tures such an extremely unequal distri-
bution of copulations by males; sage
grouse practice the most extreme po-
lygyny known among birds. Most biolo-
gists now agree that the evolution of so-
cial behavior, like the evolution of any
other trait, is best explained in terms
of the optimization of the individual's
“Darwinian fitness,” that is, the optimi-
zation of the rate at which the genes of
the individual are conveyed to its de-
scendants. An explanation of the evolu-
tion of a mating system must explain the
advantages of the system with respect to
the Darwinian fitness of both males and
females.

As to male fitness in polygynous soci-
eties, the delay before males achieve
successful reproduction complicates
matters. The rate at which an individu-
al’s genes propagate to its descendants
depends not only on the individual's fe-
cundity but also on the age at which the
individual and its descendants begin to
breed. In simple terms, a delay in repro-
duction increases the generation time
and thus lowers the rate at which de-
scendants multiply. A male that delays
reproduction in effect tends to sacrifice
the advantages of high fecundity once
breeding begins.

To see how this works, consider an
imaginary bird society. Its males and fe-
males have identical survival rates but
the males begin to reproduce at a later
age than the females. More males than
females in each cohort will die before
they reach breeding age; as a result few-
er males than females will breed in any
one season. Such a society necessarily
engages in polygyny.

Imagine further that the size of the
population is constant, so that over a
lifetime each bird leaves on the average
one descendant of the same sex, and also
that once the males begin to breed they
all share the available females equally.
In such a simple society polygyny offers
neither advantages nor disadvantages
to the male. The longer the males de-
fer breeding, the more fecund they are
when they begin to breed. The two ef-
fects exactly compensate for each oth-
er. Yet for the delayed-breeding char-
acteristic of lek-mating males to have
evolved at all the individual male grouse
must realize some advantage in terms of
the propagation of their descendants.

Two oversimplified and inadequate
theories of male advantages in lek mat-
ing systems have long had currency.
They may be called respectively the “‘sex
appeal” theory and the “trial by ordeal”
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FREQUENCY OF DISPLAYS by male sage grouse is directly re-
lated to the nearness of females. A total of 51 observations proved
that males usually displayed more than 30 times during a six-minute
interval when females were inside a male’s territory (fop). When the

females were outside a male’s territory but inside a neighboring terri-
tory (center), the frequency was lower, although males still strutted be-
tween 10 and 39 times every six minutes. When no females were adja-
cent (bottom), most male displays fell to fewer than 10 in six minutes.
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theory. The first theory proposes that
successful males in polygynous societies
possess a higher evolutionary fitness
than unsuccessful males because they
have higher fecundity. The second theo-
ry proposes that the successful males
have a higher fitness because they have
survived longer. As we have seen, how-
ever, the high fecundity of successful
male grouse does not necessarily mean
that such males have higher evolution-
ary fitness, and neither does a greater
life span. Fitness consists, rather, in the

optimum distribution of the individual
male grouse’s time and energy to the
promotion of its survival and the exer-
cise of its fecundity over the entire span
of its life.

One hypothetical advantage for males
in polygynous societies seems at least
plausible. If males that breed less are
more likely to survive, such an increase
in survival, if it is sufficient, could in-
crease the evolutionary fitness of the
males that defer reproduction to later
ages. Whether or not a hypothesis along

these lines can help to explain sage
grouse polygyny is not yet clear. Verifi-
cation in the field would not be easy; it
would require comparisons of the lon-
gevity and fecundity of males that start
breeding at different ages.

When earlier naturalists speculated
on fitness, they often equated the beha-
vioral competition between individuals
with evolutionary competition. My find-
ings on sage grouse show that this equa-
tion cannot be accepted in every case.
Competition of the first kind has to

PROGRESSION TO MATING CENTER is shown in idealized form
here. At start (I) 20 young males have established territories (gray) on
the periphery of a lek during their first mating season; the more cen-
tral positions are occupied by older males. By chance the territory of
male C is closer to the mating center (black) than the territories of
males 4 and B are. By the next spring (2) about half of the preceding
year’s yearlings have died, as have half of the older males. Males 4,
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B and C and others of their cohort (gray) are now closer to the mating
center; the better starting position of male C has brought it closest.
The following year (3) only five of the cohort still survive. The territo-
ries of males B and C now overlap the mating center, and the territory
of male A4 is adjacent to it; the ontogenetic trajectories of males B
and C mean that they will sire many of the young produced during the
season. Male 4, if it survives, will probably reach center the next year.
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do with which individual wins fights,
whereas competition of the second kind
has to do with which individual’s genes
pass on to descendants. After observing
a lek it would be tempting to conclude
that the successful males are simply the
winners in a competition with the unsuc-
cessful males. In a behavioral sense they
are: the males at the mating center ex-
clude intruders from their territory by
means of threat and overt aggression.
That, however, is not necessarily evolu-
tionary competition. If indeed males in-
crease their evolutionary fitness by de-
ferring full reproductive activity, then
the fact that an older male successfully
excludes a younger male from the op-
portunity to copulate might have noth-
ing to do with differences in Darwin-
ian fitness. Quite possibly both grouse
are acting in accordance with an evolu-
tionary strategy that enhances the fit-
ness of both.

Does the polygynous mating system
offer any advantages to the female
grouse? One consequence of such mat-
ing is reduced or nonexistent parental
care by males. Of the 16 grouse species,
12 are polygynous, and only one of
the four monogamous species practices
dual parental care. Single parenthood
would certainly be disadvantageous for
the monogamous and polygynous spe-
cies alike if grouse nestlings required, as
many newly hatched birds do, a pro-
longed period of feeding until they
mature to a state of independence. As
it happens, however, all 16 species of
grouse, like domestic chickens, give rise
to precocial young that are able to fol-
low their mother and feed themselves
soon after hatching. Hence a poten-
tial disadvantage of polygynous mating
has been largely nullified. Nevertheless,
three species of grouse have single pa-
rental care but practice monogamy. Evi-
dently the evolution of a social pattern
of single parenthood, and for that mat-
ter the evolution of the precocial young
that makes single parenthood possible,
although necessary prerequisites to the
evolution of polygyny, are scarcely suf-
ficient causal factors.

On balance the adaptive advantage
gained by the female grouse depends
on the advantages of the male’s strate-
gy. Each female’s genes are transmitted
equally to its male and female descend-
ants; consequently the best strategies for
each sex are not in conflict. By breeding
with males that practice the optimal
male strategy the females increase their
own evolutionary fitness: the rate at
which their genes propagate to descend-
ants. Hence from generation to genera-
tion both the male and the female sage
grouse have evolved a mating relation-
ship in accordance with a delicate bal-
ance between the disadvantages of sin-
gle parental care and the advantages of
sexual bimaturism.
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The Adjacency Principle
in Visual Perception

The visual system integrates information about objects from different

sources including relative, or contextual, cues. The adjacency principle

describes how relative cues are weighted to achieve this integration

144 hy then do things look as
they do?” Kurt Koffka
asked in Principles of Gestalt

Psychology, and he argued that it is sure-
ly not “because they are what they are.”
If things looked as they do only because
of what they are, they would continue to
look the same as long as they remain the
same. The fact is they do not look the
same; they look different depending on
their context, and more specifically de-
pending on whether they are seen in iso-
lation or with other objects.

There is a striking demonstration in-
volving the effect of context on the per-
ception of motion. A single point of
light moving repetitively right and left
in an otherwise dark field is perceived as
doing just that: moving horizontally. If
another point is simultaneously moved
up and down nearby, however, the per-
ceived motions of the two points mov-
ing at a right angle to each other turn out
to differ markedly from their horizontal
and vertical motions [see A4 in illustration
on page 128]. As Gunnar Johansson of
the University of Uppsala has put it, the
perceived motions include relative mo-
tion vectors (the points appear to move
toward and away from each other along
a diagonal path) and common motion
vectors (they may also appear to move
as a group along another diagonal at a
right angle to the first).

This clear change in the perception of
an object brought about by the introduc-
tion of another object (or several other
objects) into the field of view has been
demonstrated not only for motion but
also for such perceived characteristics
as color, size, shape, distance and orien-
tation. The factors that determine the
perceived characteristics of an object
independently of other objects are ab-
solute cues; the factors that change the
perception when other objects are in-
troduced are relative cues. The object
whose perceived characteristic is being
measured is the test object; an addition-
al object whose presence modifies the
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perception is the induction object. Re-
search in my laboratory at the Universi-
ty of California at Santa Barbara has
suggested a general rule that helps in
predicting the power of a relative cue to
modify a perception. This rule, which
we call the adjacency principle, states
that the weight the visual system gives to
a relative cue is inversely related to the
apparent separation of the test object
from the induction object in three-di-
mensional space. Here I shall consider
the major evidence for the adjacency
principle in the perception of size, orien-
tation, distance and motion, and then
discuss briefly what some of the conse-
quences of such a principle might be.

basic assumption underlying the

measurement of adjacency effects
and well supported by the experimental
data is that the visual system is able to
combine information from sources that
are not in agreement. Suppose there are
two sources, one source that by itself
would lead to one perception and anoth-
er that by itself would lead to a different
perception. The assumption is that when
the two sources are presented together,
they will give rise to yet a third percep-
tion, to which both sources contribute.
This synthesis of diverse information is
demonstrated by the apparent motion
induced in a point by a moving frame
[see B and C in illustration on page 128]. If
a physically stationary point is sur-
rounded by a frame moving to the right
and left repetitively in an otherwise dark
field, the point will appear to move in a
direction opposite to that of the frame’s
physical motion. In a more complicated
case the point moves vertically: upward
as the frame moves right and downward
as the frame moves left. Here the point
will have two components of apparent
motion, one component being an in-
duced horizontal motion and the other
resulting from cues associated with the
physical vertical motion. The compo-
nents add vectorially, and the point ap-
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pears to move diagonally rather than ei-
ther horizontally or vertically. A similar
horizontal induction effect is perceived
if ‘only two horizontally moving points
are present [D in illustration] instead of
the entire frame.

It is not clear whether the apparent
vertical motion of the point within a
frame should be attributed to an abso-
lute motion cue (the point’s physically
vertical motion) or to the cue of relative
motion between the point and the hori-
zontal elements of the frame. The per-
ceived diagonal motion could be a reso-
lution of a conflict of absolute (vertical)
and relative (horizontal) cues or a reso-
lution of a conflict between different rel-
ative cues, one involving the horizontal
parts of the frame and the other involv-
ing the vertical parts. There is evidence
that both kinds of cue conflict are re-
solved by the visual system: it can
combine discrepant information from
either relative or absolute cues, or from
both, for a variety of perceived charac-
teristics.

One way to measure adjacency effects
is to vary the distance separating a test
object from a single induction object,
either in a frontoparallel plane (a plane
parallel to the one containing the ob-
server’s eyes) or in depth (perpendicular
to the line of sight). According to the
adjacency principle, increasing either
separation should decrease the magni-
tude of the induction. Another way is to
change the apparent position of the test
object in relation to two induction ob-
jects that are separated either in a fron-
toparallel plane or in depth and that

ve opposite effects. According to the
adjacency principle, the induction effect
should change direction as the test ob-
ject is moved from the vicinity of one
induction object to the vicinity of the
other.

Let me begin to review our evidence
by describing an experiment of this sec-
ond kind. An observer is presented with
points of light moving in an otherwise



dark field: a test object oscillating hori-
zontally and two induction objects oscil-
lating vertically [see illustration on page
130]. The phase of the movements is
such that the apparent motion induced
in the test object by one induction object
is at aright angle to the apparent motion
induced by the other induction object.
At different times in the experiment
the test object is moved progressively
farther away from one induction ob-
ject and closer to the other. Observers
viewed the spots of light binocularly and
were asked to indicate, by adjusting a
comparison rod, the path along which
the test object seemed to oscillate.

he results provided strong support

for the adjacency principle. The test
object [2 in illustration on page 130] ap-
peared to move between upper right and
lower left when it was near induction
object 3 [a], approximately horizontal-
ly when it was about equally separated
from I and 3 [b] and between lower right
and upper left when it was near induc-
tion object I [c]; that is, it was more
affected by the induction object to which
it was closer and was about equally af-
fected by each induction object when it
was equidistant from each. The average
magnitude of the deviation of the mo-
tion of point 2 from the horizontal was
17 degrees in one extreme case [a] and
25 degrees in the other [¢c], which is con-
siderably less than the 45 degrees one
would expect if only the relative cue
generated by the nearby induction ob-
ject were having an effect. Clearly, in
addition to the dominant effect from the
nearby induction object, there was also
some effect from the more distant induc-
tion object or from the absolute motion
of the test object, or from both.

We adapted this experiment with
moving points to the situation where
only one induction object was present,
at varying distances from the test object,
by presenting point 2 either with point
1 or with point 3 rather than with both
of them together. In agreement with
the adjacency principle, the magnitude
of the induction effect tended to de-
crease as the test point was separated
increasingly from the single induction
point. Although the results were not as
conclusive as they were with the two in-
duction points, there was evidence that
absolute cues had some effect even
when the test point and the induction
point were adjacent to each other. Over-
all the results of this experiment clearly
support the conclusion that the effec-
tiveness of relative cues diminishes as
the distance between the test object and
the induction object increases, but the
results also suggest that the test object is
influenced somewhat by relative cues
from the more distant induction object
and by absolute cues from the test object
itself.

In another set of experiments we stud-

SPATIAL ADJACENCY EFFECTS are demonstrated when a trapezoidal window, made by
masking and shading portions of an electroluminescent panel, and two luminous disks are
viewed binocularly in an otherwise dark visual field. One end of the window (here the right
end) is closer than the other, but perceptually it is farther away. The perceptual error is trans-
mitted to the disks. They are physically equidistant from the observer, but perceptually the
right disk is beyond the left one. If the disks are moved along the tracks together, they appear
to move at different speeds while they are in the vicinity of the window. The influence of the
window on their perceived position (and motion) diminishes as they move away from it. (The
window’s downward slant here results from the angle at which the photograph was made.) Ap-
plication of the adjacency principle to these phenomena is illustrated in diagram on page 136.
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APPARENT MOTION is induced in one object by another object nearby. In the first example
(4) two points oscillate, one vertically and one horizontally. Presented alone, they would be per-
ceived as doing just that. When they are presented together, their diagonal relative motions (r)
and often their common motions (c) are perceived instead of their absolute motions (a). An os-
cillating frame (B) induces an apparent horizontal motion of opposite phase in a physically sta-
tionary point within the frame. If the dot is physically moving up and down (C), the frame pro-
duces apparent horizontal vector, which with vertical vector results in apparent diagonal mo-
tion. Similar perception is induced if two points, rather than frame, act as induction object (D).
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ied the effect of frontoparallel separa-
tion on a different characteristic: per-
ceived location in distance. The distance
cue under investigation was the one pro-
vided by the relative size on the retina
of the eye of similar objects that were
probably assumed by the observer to be
physically identical in size. If two such
objects subtend different sizes on the ret-
ina, the retinally smaller object is per-
ceived as being farther away; equality of
the retinal size of similar objects is ac-
cepted as information that the objects
are at the same distance. Three playing
cards and a gray square, were presented
by back illumination of photographic
transparencies, all at the same distance
in an otherwise dark room, and were
viewed monocularly by the subject [see
illustration on page 132]. One card was
larger than normal and the other two
were of normal size.

If the gray square had not been pres-
ent, apparently overlapping the large
card and itself overlapped by the upper
normal-size card, the apparent relative
distances of these two cards (The induc-
tion objects) would have been deter-
mined by the difference in their retinal
sizes, and the normal-size card would
have appeared to be farther away than
the large card. The gray square, how-
ever, provided an “interposition cue”
that made the normal card appear to be
in front of, and thus closer than, the
large card. The test object was the lower
card of normal size and was presented
close to the large card in one experiment
[a] and equally separated from the large
card and the upper normal-size card in
the other experiment [5].

In both experiments there are relative
size cues between the test card and each
of the induction cards. The relative cue
between the test card and the large card
tends to make the test card appear to be
behind the large card (and therefore, be-
cause of the interposition cue, far be-
hind the upper normal-size card). The
relative cue between the test card and
the upper card tends to make the test
card appear to be at the same distance as
the upper card (and therefore, because
of the interposition cue, not behind the
large card but in front of it). That is, the
presence of the interposition cue means
that the two relative size cues affecting
the test card are in conflict.

The adjacency principle predicts that
when the test card is near the large in-
duction card [a], the relative size cue
between the test card and the large card
should make the test card appear to be
far behind the upper normal-size card.
And that is how it seemed to our sub-
jects. With the test card equally dis-
placed from both induction cards [b] the
adjacency principle predicts less effect
by the large induction card on the test
card, which indeed was then said to
seem to be about midway between the
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two induction cards in depth. The re-
sults suggest that the relative size cues
between both the adjacent and the dis-
placed induction cards contributed to
the apparent distance of the test card.
In agreement with the adjacency prin-
ciple, however, the contribution was
greater for the induction card that was

a
7 ah
e \Af
b

closer to the test card in the frontoparal-
lel plane.

Because separation in a frontoparallel
plane and separation on the retina
are essentially proportional it is possible
to interpret the effects of frontoparallel
adjacency in terms of adjacency on the
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EFFECT OF ADJACENCY on cues of relative motion is measured by placing a test object
(2) at different distances from opposing induction objects (I and 3). Points of light oscillate
along paths defined by the length, direction and phase (solid or broken line) of arrows at the
right; point 2 oscillates either in the vicinity of point 3 (a), midway between the induction points
(b) or in the vicinity of point I (c). Arrows at the left indicate what the direction of point 2’s
motion would be in each case if the nearer induction point completely determined the observ-
er’s perception. In agreement with the adjacency principle the experimental results indicate
that although both induction points probably contribute to the apparent motion of point 2, the
nearby point has more influence. (In this experiment and the experiments that follow only the
test object and induction objects were visible to the observer in an otherwise dark visual field.)

130

© 1978 SCIENTIFIC AMERICAN, INC

retina. Evidence that adjacency effects
are not determined by retinal separa-
tion, however, comes from studies dem-
onstrating that the effectiveness of rela-
tive cues is reduced by separation in
depth of the test object and the induc-
tion objects. For example, in some of
our experiments two induction objects
calculated to have opposite effects on a
test object are presented binocularly at
different distances from the observer;
the test object can be presented at the
distance of either the far induction ob-
ject or the near induction object or mid-
way between the two. In each case the
far induction object is made just enough
larger than the near one so that the two
objects subtend the same size on the ob-
server’s retina. As far as retinal stimulus
is concerned, therefore, the effects on
the test object of these two equal but
opposite induction objects should can-
cel. The adjacency principle predicts, on
the other hand, that there will be an in-
duction effect whose magnitude and di-
rection are determined more by the in-
duction object that is at the same appar-
ent distance as the test object and less by
the one that is separated from it; when
the test object is midway between the
opposing induction objects, the effect
should be reduced or absent.

In one of these depth-adjacency ex-
periments we manipulated the elements
of the Ponzo illusion, a visual illusion in
which two bars are positioned within a
wedge-shaped figure; the bars are identi-
cal in size, but the one nearer the apex of
the wedge appears to be larger. We pre-
sented two wedges (the induction ob-
jects) simultaneously at different dis-
tances, one pointing to the right and the
other pointing to the left, and presented
the bars (the test object) at one of three
distances: the distance of the far wedge,
the distance of the near wedge and the
distance midway between them [see 4 in
illustration on page 135]. As predicted by
the adjacency principle, the direction of
the illusion reversed as the bars were
moved from the far plane (where there
was an average illusion of 8 percent in
one direction) to the near plane (where
there was an average illusion of 10 per-
cent in the other direction).

An experiment done by Robert E.
Newton and me based on the rod-and-
frame illusion produced similar results.
Here a vertical rod surrounded by a tilt-
ed frame appears itself to be tilted in a
direction opposite to the physical tilt of
the frame [B in illustration]. Again the
illusion reversed in accordance with the
location in depth of the vertical rod (the
test object). The average tilt reported by
our subjects was four degrees counter-
clockwise at the far position and two
degrees clockwise at the near position.
Although the differences in induction ef-
fect from the far to the near distance
may not appear to be large for either
of these illusions, they are substantial



You're gonna love our Great Little Car.
Mazda GLC 5-Door Hatchback.

Great little piston engine. Great little goodies. matltmnpm\

Introducing the _ _
Greater Little Car. The GLC Deluxe of | Ay
5-door Hatchback. $3770**! A roomy new Deluxe GLC in a whole line of roomy GLCs for 1978. .

The GLC 5-door is for those who believe the only thing better than a GLC hatchback with
three doors is a GLC hatchback with five.

It has GLC’s split rear seat, standard. Which lets you take a back-seat passenger along, along
(= ———————— - with two weeks’ groceries or golf clubs or luggage or what have you.
D" \ f ' Both seats folded down reveals a plushy carpeted deck. Very nice. S
‘ e 25w There's a nifty little button under the dash that electrically
I
|
1

-
L- L
-
-

ERE

. unlatches the hatch. (You may open the REMOTE
&) nhatch from the outside, too.) HATCH RELEASE
It has three transmissions B_J
to choose from. 4-speed is
standard, while easy
automatic
and frugal

*EPA estimates based on

. 5—speed are optional 5-speed transmission.
TRANSMISSIO. . Your mileage may vary de-
1 il - available. pending on how and where you

drive, your car’s condition,

There's simply much more than you'd ever
expect in a car its size. But, for not much
money. And that's the case with every GLC
model: the GLC Standard 3-door Hatchback,
GLC Deluxe 3-door Hatchback, and GLC Sport.

Mazda's Great Little Car is a great little
car. You're gonna love it.

o mazba T &
GLC. Now, four great little cars in all, from $3248:*

and optional equipment.
42/33 mpg Calif.

**POE Los Angeles prices
(slightly higher in California,
and other areas ). Taxes,
license, freight, and optional
equipment are extra. GLC
prices for models not shown
range from $3245 to $3920.

© 1978 SCIENTIFIC AMERICAN, INC



when they are evaluated against the nor-
mal magnitude of such illusions.

In two other experiments on depth
adjacency we measured the motion in-
duced in a test point by induction ob-
jects that had opposite effects. Michael
Koslow and I investigated the magni-
tude and direction of the motion in-
duced in a stationary point by two
frames that oscillated horizontally, in
opposite phase, at two distances from
the observer [C in illustration on page
135]. Again we found that the direction
of induced motion of the point was de-
termined by the induction frame at the
same distance as the point and that the
magnitude of the induction was reduced
when the test object was midway be-
tween the two induction frames. Jerome
D. Tietz and I tested the motion induced
in a vertically moving test point by in-
duction objects consisting of two hori-
zontally oscillating points [D in illustra-
tion]. The far set of induction points
moved to the right as the test point
moved up, and the near set moved to the
left as the test point moved up. The re-
sults were consistent with the adjacency
principle: the test point appeared to os-
cillate between the upper left and the
lower right when it was in the far plane
and between the upper right and the
lower left when it was in the near plane.
The effect of adjacency was large: there
was about a 35-degree difference be-
tween the two perceived directions of
motion of the test point.

In these four depth-adjacency experi-
ments the effect of the adjacent induc-
tion object was greater than that of the
more distant one, but in each case the
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more distant induction object retained
some influence. The evidence suggests
that the decrease in the effectiveness of a
visual cue with increasing separation is
gradual—a continuous function rather
than a step function.

e modified three of the depth-adja-
cency experiments (the Ponzo and
rod-and-frame illusions and the point in
amoving frame) by presenting only one
induction object at a time. With the far
induction object the test object was pre-
sented either in the same plane or at one
of two distances in front of it; when the
near induction object was presented, the
test object was either in the same plane
or at one of two distances beyond it. In
all three cases the induction effect de-
creased sharply with increasing distance
in front of the induction object but not
with increasing distance behind it. Possi-
bly the lack of a consistent decrease for
positions behind the induction object is
due to an inverse relation between the
effectiveness of absolute cues about the
test object and the distance of the test
object from the observer. According to
this hypothesis, as the test object moves
toward the observer (in front of the in-
duction object) both the decreased effec-
tiveness of induction predicted by the
adjacency principle and the increased
effectiveness of the absolute cues con-
tribute to eliminating the induction ef-
fect. As the test object moves away from
the observer perhaps the effectiveness of
both the relative cues (induction) and
the absolute cues diminishes, so that the
inductioneffectremains about the same.
We found, however, that displacing a
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test object behind the induction object
does reduce the magnitude of a particu-
lar induction effect: one produced on
surrounding objects by binocular obser-
vation of an Ames trapezoidal window
presented at an illusory slant. The psy-
chologist Adelbert Ames, Jr., devised a
trapezoidal window frame that, when it
is presented at one slant in depth, tends
to appear to be rectangular and to slant
in the opposite direction. We presented
the window under indirect illumination,
with its small end sometimes to the right
and sometimes to the left but always
physically closer to the observer than its
large end; the physically near end ap-
peared to be the more distant one even
though the window was viewed binocu-
larly. With the window we presented
two points of light, one to the right of the
window and one to the left [see illustra-
tion on page 136].

The pair of lights was presented at
seven different distances (only three of
which are shown in the illustration)
from the observer. Although the two
lights were moved together and were al-
ways equidistant from the observer, the
observer’s error in perceiving the win-
dow’s orientation induced a substantial
error in his perception of the relative
distances of the two points. When both
points were at about the same distance
as the center of the window (305 centi-
meters from the observer), the median
depth reported between the left point
and the right point was about 60 centi-
meters. Positioning the points increas-
ingly far in front of the window or be-
yond it reduced this error in distance
perception sharply, with the error be-
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EFFECTIVENESS OF RELATIVE SIZE CUES decreases with in-
creasing distance between test object and induction objects. Two nor-
mal-size cards and a double-size card are displayed with what ap-
pears to be an interposed gray square, all at the same physical dis-
tance. They are viewed monocularly. One relative size cue (from the
large induction card) would make the lower normal card (the test
card) appear to be behind the large card. Another relative size cue
(from the upper normal-size induction card) would make the test
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card appear to be at the same distance as the upper normal card.
These two relative size cues are rendered incompatible by the inter-
position cue from the gray square. As is predicted by the adjacency
principle, the large card had more influence when the test card was
near it (a), that is, the test card appeared to be behind both induction
cards. The two induction cards were more nearly equal in influence
when the test card was equidistant from both of them (4); then the
test card appeared to be between the two induction cards in depth.
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read Apple Computer’s “Consumer Guide to Personal
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using your Apple in ways you never dreamed of.
That’s when the capabilities of the computer you buy
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coming small (the points appearing to
be about equidistant) when the points
were physically about 75 centimeters in
front of or beyond the window. In other
words, it was only when the points of
light were at about the same distance as
the window that the large error in its
perceived orientation was reflected in an
error in the perceived depth separation
of the two points. The tendency of the
visual system to give greater weight to
cues between adjacent objects than to
cues between more separated objects
was thus demonstrated impressively for
the relative cue of binocular disparity.

ow might one account for the ef-
fects of adjacency? Effects in a
frontoparallel plane might be explained
by the decrease in visual acuity that
comes with increasing displacement of
the image from the center of the fovea,
the part of the retina that is most densely
populated with light-sensitive receptor
cells. Cues between objects close to one
another in the visual field could be given
more weight by the visual system than
cues between separated objects because
they have greater clarity or are more
precisely represented in the nervous sys-
tem. Adjacency effects in depth could
have a similar explanation. Because ob-
jects that are fixated are seen with par-
ticular clarity as a result of the accom-
modation and convergence of the eyes
the visual system could rely more on
cues between objects that are at the fix-
ated distance than on cues between ob-
jects at other distances. A different but
somewhat related explanation might be
that adjacency effects are determined by
attention. Cues between adjacent ob-
jects could be given greater weight than
those between separated objects be-
cause it is easier to attend simultaneous-
ly to objects that are close together.
We examined the attention explana-
tion in the course of the experiments
with playing cards. In those experiments
we elicited judgments of the apparent

PRINCIPLE IS TESTED by binocularly pre-
senting, simultaneously at different distances,
two induction objects having opposite effects
on a test object positioned either in the plane
of one or the other induction object or some-
times between them. (Only one test object is
presented at a time.) The effect of the wedge
(A) is to make the vertical bar in the apex ap-
pear longer than the other bar. The effect of
the tilted frame (B) is to make the vertical rod
appear tilted. The moving frame (C) makes the
stationary point appear to move horizontally.
The horizontally moving induction points (D)
make the vertically moving point appear to
move diagonally. In each case the two induc-
tion objects are sized to subtend the same visu-
al angle and thus to be equal in retinal size.
Yet the two oppositely oriented induction ob-
jects do not cancel. In accordance with the ad-
jacency principle, the induction object at the
same apparent depth as the test object deter-
mines the direction of either the static illu-
sions (4, B) or the apparent motions (C, D).
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separation in depth between each of the
objects in the displays. We hypothesized
that if attention was important, asking
the subject to judge the position of the
test card in relation to a particular in-
duction card should increase the atten-
tion given to the relative size cue be-
tween the test card and that induction
card. The increased attention should in
turn increase the effectiveness of the rel-
ative cue between the two cards and thus
be reflected in the apparent distance of
the test card. We analyzed the results to
test this hypothesis and found that “task
set,” a form of attention, accounted for
18 percent of the adjacency effect in the
first experiment [“a” in illustration on
page 132] and for 35 percent of the effect
in the second experiment [b].

A more direct test of the attention ex-
planation was conducted with the three-
dimensional display involving the verti-
cally and horizontally oscillating points
[D in illustration on preceding page]. Ob-
servers were asked to indicate the di-
rection of the test point’s apparent mo-
tion while they were attending to one
pair of induction points and ignoring the
other pair. We measured the ability of
attention to account for adjacency ef-
fects by noting how the apparent direc-
tion changed as attention was directed
to one or the other set of induction
points. Attention accounted for about
half of the total adjacency effect. (The

overall adjacency effect was large in this
particular experiment, and the change
attributable to attention was also large.)

Under some conditions, then, atten-
tion accounts for a substantial part—but
not for all—of the adjacency effect. Its
failure to account for all the effect sug-
gests that adjacency and attention are
based on different processes. As for per-
ceptual clarity, it may contribute to ad-
jacency effects, but it cannot account for
their magnitude. For example, depth-
adjacency effects are present (in such sit-
uations as the oscillating-point experi-
ment) even when the separation between
induction objects is less than the depth
of focus of the eye, so that both induc-
tion objects are clearly seen. The experi-
ments support the conclusion that al-
though factors such as voluntary atten-
tion and visual clarity may contribute
to adjacency phenomena, a core of ad-
jacency effects remains that requires
the postulation of some kind of uncon-
scious weighting process determined by
the perceived spatial separation of the
objects.

The role of spatial adjacency in the
process by which information from
various sources is integrated in the visu-
al system is probably the same whether
the information is complementary or
opposed. One should not, however, un-
derestimate the frequency with which

3e PHYSICAL ® 3

2@
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visual cues conflict with one another.
Some of the cue conflicts in our research
were unusual, such as those produced
by the interposition cue and by the trap-
ezoidal window. Other kinds of cue con-
flict are unavoidable in everyday visual
experience, however; among them are
conflicts between absolute and relative
cues in general and conflicts between
differing relative cues of motion in par-
ticular. For example, whenever two ob-
jects at the same apparent distance
move in relation to each other, there isa
relative motion cue, and it is in conflict
with at least one of the absolute motion
cues. Whenever three objects at the
same apparent distance move different-
ly in relation to one another, several rel-
ative motion cues are in conflict. The
integration of conflicting information
seems to be a normal requirement for
the visual system.

Together, absolute and relative cues
constitute all the stimulus information
available to the visual system. Absolute
cues support the perception of the char-
acteristics of an object independently of
the characteristics of other objects; rela-
tive cues reflect the perceptual inter-
relations among objects. In the absence
of relative cues the perceptual world
would consist of independent parts, and
it would be very difficult to respond
meaningfully to such a fragmented
world. To appreciate the degree of diffi-

3® PERCEIVED ®3

®

1

TRAPEZOIDAL WINDOW that physically slants one way but ap-
pears to slant the other way affects the perception of the distance
between two points near it when the window and the points are ob-
served binocularly. (The window is made differently from the one
in the photograph on page 127.) The points are always equidistant
from the observer (left drawing), whether they are in front of the win-
dow (), near it (2) or beyond it (3). The error in perception of the
window’s orientation (right) induces a corresponding error in the per-
ceived separation in depth of the points when they are near the win-
dow (2); the error diminishes as the points are displaced from the win-
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dow (I or 3). The results agree with the adjacency principle. For a
point close to the window in depth (2) the binocular-disparity cue
between it and the adjacent part of the window—not the displaced
part—determines the point’s apparent distance: the right point is
physically beyond and also appears to be beyond the right end of the
window, and the left point is physically in front of and also appears
to be in front of the left end. When the points are displaced in depth
from the window, binocular cues directly between the points (rath-
er than between each point and the window) are given more weight,
and so the points tend to be perceived correctly as being equidistant.
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culty consider the case, discussed by Jo-
hansson, of a rolling wheel whose only
visible parts are several points of light
on the rim and a single point at the hub
[see illustration below]. The trajectories
of the absolute motions of the points
would be a straight line (for the point at
the hub) and cycloid curves (for points
on the rim). A perception based on these
absolute motions would be complex,
and it would become more complex if
the number of visible points on the rim
were increased. Actually, however, the
relative motions of the points on the rim
and the point at the hub produce the
perception of a unitary object (a wheel)
that moves in a direction (to the right)
defined by its common motion vectors.

Generalizing from this example, it
can be seen that great perceptual
simplicity derives from the organizing
process that groups stimuli into percep-
tual objects determined by relative posi-
tion and relative motion, and perhaps
by other relative cues. It is far simpler
to perceive an object moving as a unit
than to perceive a large number of per-
ceptually independent motions of dif-
ferent points.

What is the contribution of spatial ad-

jacency to this kind of perceptual or-
ganization? The tendency to perceive
the relative rather than the absolute mo-
tion of spatially adjacent points, and
thus to perceive organized stimuli (such
as a rolling wheel), is consistent with the
adjacency principle. As the Gestalt psy-
chologists emphasized, proximity in a
frontoparallel plane is an important fac-
tor in perceptual grouping. According
to the adjacency principle, proximity is
an important factor not only in two-di-
mensional but also in three-dimensional
space. The degree to which relative cues
of position, motion and perhaps other
characteristics can organize stimuli into
perceptual groups, or objects, depends
on the rate at which the effectiveness of
these relative cues decreases with in-
creasing spatial separation, in other
words, on what might be termed the ad-
jacency function. The perceptual world
would tend to be too fragmented if the
adjacency function were too steep; it
would tend to be too undifferentiated if
the function were too shallow.
Spatially separated patterns of mov-
ing stimuli (two rolling wheels, for ex-
ample) become grouped into perceptu-
ally distinct objects rather than one
overall complex object at least partly

because of adjacency effects. The com-
mon motions of the parts of each per-
ceptually segregated object become the
perceived absolute motions of the object
as a whole. If the common motions of
the several perceived objects are differ-
ent, those motions can become relative
motions for higher orders of visual or-
ganization. As a result of this process
the visual world becomes articulated
and structured instead of being a kalei-
doscope of perceptually independent
items. The adjacency principle can be
expected to apply to this more global
kind of organization as well as to the
simpler grouping involved in the per-
ception of a single object.

Finally, the adjacency principle may
be at the root of some individual differ-
ences in perceptual ability or style. In
testing adjacency effects we have often
noted large differences among individu-
als. If these differences in individual ad-
jacency functions are found to be stable
over a period of time and characteristic
of individual observers, the differences
may account for some of the variation
in the way individuals perceive objects
visually and perceive their world as be-
ing composed of organized, interrelated
parts.
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RELATIVE CUES help to make sense of what would otherwise be
fragmented visual stimuli. If cues of absolute motion alone governed
the perception of a rolling wheel, invisible except for lights on its rim
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and hub, only curves traced by the lights would be seen (fop). Vi-
sual system’s response to relative and common motions of the lights
achieves a simpler perception: an object rolling to the right (botzom).
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Junctions between Living Cells

Where the cells of certain key animal tissues meet they do

not simply touch. They are linked by specialized structures,

the architecture of which is revealed by electron microscopy

by L. Andrew Staehelin and Barbara E. Hull

he tissues of higher organisms are
I made up of vast numbers of cells
that have relinquished some of
their independence to function together
as a coherent, unified whole. To accom-
plish this unification and to promote the
necessary interactions between cells, re-
gions of the cell surface have become
specialized for intercellular contact.
These surface specializations, termed
intercellular junctions, are vital for the
development and normal functioning of
all higher forms of life.

If one were given the task of con-
structing an organism out of individual
cells, one could foresee the need for
three functional categories of intercellu-
lar junctions: (1) impermeable junctions
that would enable an organism or an
organ to maintain an internal environ-
ment that is chemically distinct from its
surroundings, (2) adhering junctions
that would promote adhesion between
the cells of a tissue, reinforcing its phys-
ical integrity, and (3) communicating
junctions that would enable cells to ex-
change nutrients and signal molecules
and thereby coordinate their activities.
During the past 20 years cell biologists
not only have confirmed that these types
of junctions exist but also have obtained
a wealth of information about their mo-
lecular architecture.

Every living cell is enclosed by a plas-
ma membrane, a thin envelope that se-
lectively regulates the flow of nutrients
and ions between the cell’s interior and
its external milieu. The membrane con-
sists of a double layer of phospholipid
molecules with globular protein mole-
cules either embedded in it or associated

with its inner or outer surface. An inter-
cellular junction is a small region of the
plasma membrane specialized for one
of the functions listed above. The small
size of cells and thus of the junctions
makes it necessary to employ the elec-
tron microscope in order to observe the
junctions’ fine structure.

There are two principal specimen-
preparation methods for rendering cells
suitable for examination in the electron
microscope: thin-sectioning and freeze-
fracturing. To make thin sections the
cells are chemically stabilized, stained,
dehydrated, embedded in plastic and cut
into extremely fine slices with a micro-
tome. By examining the slices that in-
clude a junctional region with the elec-
tron microscope it is possible to recon-
struct some aspects of the junction’s
three-dimensional organization. Freeze-
fracturing calls for freezing a sample of
tissue at minus 150 degrees Celsius in
liquid Freon and transferring the sam-
ple to a chamber that is then pumped
down to a high vacuum. The tissue is
fractured by passing a microtome knife
through it, and a platinum-carbon repli-
ca is made of the exposed surfaces. The
replica can be examined in the electron
microscope after the underlying tissue
has been digested away.

Freeze-fracturing has added a new di-
mension to the understanding of mem-
brane structure because at minus 100
degrees C. the fracturing process splits
the cell membranes along the central
plane of the lipid bilayer. Half of the
membrane remains attached to the un-
derlying cytoplasm and the other half
remains attached to the extracellular

&

REGION OF CLOSE CONTACT between two cells in the lining of the frog’s small intestine
is magnified 135,000 diameters in the electron micrograph on the opposite page. The speci-
men was prepared by the freeze-fracture method, in which cells are broken at extremely low
temperatures and then shadowed with platinum and carbon to reveal their three-dimensional
detail. Here the fracturing process has removed most of the overlying cell, leaving only a small
fragment of the cell membrane associated with the surface of the underlying cell. Visible at the
top of the micrograph are microvilli, tubular extensions of the underlying cell membrane that
vastly increase the absorptive surface area of the intestine. Inmediately below them is a honey-
comblike network of ridges called a tight junction, which bridges the space between the adja-
cent cell membranes. The width of the intercellular space is indicated by the bright “escarp-
ment” at the bottom right, where the fracture plane jumps from overlying to underlying cell.
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matrix. Globular protein molecules em-
bedded in the membrane (integral mem-
brane proteins) appear as small bumps
protruding from the smooth surface of
one or the other of the half-membrane
faces (providing that the proteins extend
through the central plane of the bilayer).
Within the region of an intercellular
junction the integral membrane proteins
assume specific configurations that can
be made visible in freeze-fracture repli-
cas. Hence freeze-fracturing and thin-
sectioning can provide complementary
information on the structural elements
of these specialized regions of the cell
surface.

ntercellular junctions play a particu-
larly important role in epithelial tis-
sues, which cover the surface of the
body and line its cavities. For example,
in the small intestine the epithelial cells
that line the interior space of the in-
testine (the lumen) selectively take up
nutrients and transport them across the
cell so that they can be absorbed into
the bloodstream. This transport system
would clearly be very inefficient if nutri-
ents that had been taken up by the cells
at the expense of metabolic energy
could then leak back into the lumen
through the spaces between the cells.
The intercellular junctions called tight
junctions serve to prevent the free pas-
sage of molecules across an epithelium.
In the region of a tight junction the
plasma membranes of two adjacent ep-
ithelial cells appear to fuse, providing a
region of intimate contact that com-
pletely encircles each cell. As was dem-
onstrated by Marilyn G. Farquhar and
George E. Palade at the Rockefeller
University, when the inner surface of an
epithelium is exposed to a solution of an
electron-dense marker substance, such
as the protein ferritin, the marker readi-
ly penetrates the intercellular space but
is stopped at the level of the tight junc-
tion. In thin-section images of tight junc-
tions it is apparent that the two plasma
membranes are not cemented together
but rather are fused at a series of points.
The two-dimensional structural orga-
nization of the membranes in the region
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EXTRACELLULAR MATRIX
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FREEZE-FRACTURING splits the cell membrane along the central plane of its double layer
of lipid molecules, revealing its internal structure. As is shown in this schematic diagram, half
of the membrane remains associated with the underlying cytoplasm and the other half remains
associated with the extracellular matrix. The globular protein molecules normally embedded
in the bilayer are exposed, and in platinum-carbon replicas they appear as bumps scattered
over the smooth surface of each half-membrane face. In the region of an intercellular junction
these integral membrane proteins take up configurations related to the junction’s architecture.

of the tight junction was deduced in
1968 from freeze-fracture studies con-
ducted by one of us (Staehelin), who was
then working in the Department of Sci-
entific and Industrial Research of New
Zealand in collaboration with Tapen M.
Mukherjee of the University of Otago.
In freeze-fracture replicas the tight junc-
tion is characterized by a network of
ridges on the cytoplasmic half-mem-
brane face of the plasma membrane and
complementary grooves on the external
half-membrane face. Where the frac-
ture plane jumps from the plasma mem-
brane of an underlying cell to that of an
overlying cell the ridges appear to span
the width of both membranes.

The available evidence suggests that
the tight-junction ridges are composed
of two rows of tightly packed particles
(integral membrane proteins), with one
row contributed by each of the adjacent
plasma membranes. These rows of par-
ticles make head-to-head contact in the
form of a modified zipper, holding the
two membranes so close together that
the intercellular space is obliterated. As
a result the particles form lines of at-
tachment (sealing strands) that physical-
ly block the passage of molecules across
the epithelium.
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Tight junctions vary from one tissue
to another in the number of sealing
strands they possess. If the sealing
strands provide a permeability barrier,
then the greater the number of strands
is, the more impermeable the junction
should be. A rough indication of the
tightness of the seal can be obtained by
measuring the transepithelial resistance:
the resistance of an epithelium to the
movement of ions across it. Philippa
Claude and Daniel A. Goodenough of
the Harvard Medical School have dem-
onstrated a good correlation between
the transepithelial resistance of a tissue
and the number of sealing strands in the
tight junctions between its cells. Tissues
in which the tight-junction networks
incorporate only one or two sealing
strands, as in the proximal tubule of the
kidney, offer little resistance to the pas-
sage of ions. On the other hand, junc-
tions incorporating six or more sealing
strands, as in the urinary bladder, pos-
sess a high electrical resistance and al-
low the formation of steep concentra-
tion gradients across the epithelium.

Tight junctions in different tissues
also vary in the extent to which the seal-
ing strands interconnect with one anoth-
er to form a network. The amount of
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such cross-linking would appear to de-
termine the extent to which the network
can respond to stress, much as the exten-
sibility of a fabric depends on the close-
ness of the weave. Consistent with this
hypothesis, we have found an evenly
cross-linked polygonal network of seal-
ing strands in cells that maintain a fairly
constant shape, such as the epithelial
cells of the small intestine. Converse-
ly, irregular networks of sealing strands
with only a few cross-links are found in
cells that must expand to accumulate a
secretory product (such as the mucus-
secreting cells of the stomach) or period-
ically stretch under tension (such as the
epithelial cells of the large intestine).

he design of the tight junction is

clearly a beautiful example of bio-
logical engineering at the cellular level.
The organization of the sealing strands
into a network makes it possible for the
tightness of the junction to be varied ac-
cording to the physiological needs of the
tissue. The sealing network is amazing-
ly flexible and can be stretched, com-
pressed or twisted without loss of seal-
ing capacity. It also has a high inherent
margin of safety, since the local rup-
turing of one or even several sealing
strands in the tight-junction network
will have little effect on the overall tight-
ness of the seal.

As we have seen, the main function of
tight junctions is to enable a group of
cells to maintain an internal environ-
ment that is different from the external
one. Less appreciated is the fact that
tight junctions contribute significantly
to establishing the polarity of the cell
and the plasma membrane. Because the
lipid bilayer of the plasma membrane is
semifluid at physiological temperatures
many integral membrane proteins tend
to migrate within the plane of the mem-
brane and distribute themselves ran-
domly over the cell surface. Tight junc-
tions, however, provide a physical barri-
er to the migration of such proteins
from the outer surface of an epithelium
to the inner surface, or vice versa. With-
out this barrier proteins involved in the
transport of nutrients into the cell (from
the intestinal lumen) could become in-
termingled with proteins involved in the
transport of the same nutrients out of
the cell (into the bloodstream). Tight
junctions have been found as early as at
the two-cell stage of embryos, and they
appear to be essential for normal em-
bryonic development.

A number of intriguing problems
about tight-junction structure remain
unsolved. How are the networks assem-
bled from protein subunits in the mem-
branes of adjoining cells, a feat that
would seem to require coordination of
the synthetic machinery of one cell with
that of the other? Moreover, what fac-
torsaccount for the variations in the net-
work patterns found in various tissues?
The first clues have come from a study



COMPLEMENTARY VIEWS of intercellular junctions are provid-
ed by the techniques of thin-sectioning and freeze-fracturing. These
two electron micrographs show the same region of close contact be-
tween the membranes of two adjacent cells in the epithelium (outer
cell layer) of the small intestine. In the thin-section micrograph at
the top three different types of intercellular junction can be distin-
guished. At the far right, close to the base of the microvilli, the adja-
cent plasma membranes of the two cells appear to fuse, forming a
tight junction. At the center of the micrograph is the band desmo-

ARRESTED FLOW of the electron-opaque substance lanthanum
hydroxide through the intercellular space occurs at the level of the
tight junction, as is shown in this electron micrograph of epithelial
cells from the pancreas. Tight junctions, which physically block the
passage of molecules through the gap, are particularly important in

some, marked by dense mats of thin filaments adhering to the inner
surfaces of the adjacent membranes. At the far left in the micrograph
is a darkly stained junction called a spot desmosome. In the freeze-
fracture image at the bottom the tight-junction network is clearly
visible at the right. Just to the left of the tight junction is an inconspic-
uous zone containing few particles, which constitutes the belt desmo-
some. At the far left spot desmosomes appear as patches of irregular-
ly shaped particles. Together the three types of junction form a “junc-
tional complex.” Magnification of micrographs is 117,000 diameters.

preventing leakage of nutrients and ions across the epithelium of an
organ. Here the sealing element of the tight junction appears as a
point of fusion between the contiguous membranes. The magnifica-
tion of the micrograph, which was provided by Daniel S. Friend of
the University of California at San Francisco, is 127,000 diameters.
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of tight-junction development carried
out by Roberto Montesano, Alain Per-
relet and Lelio Orci of the University of
Geneva in collaboration with Daniel S.
Friend of the University of California at
San Francisco. These investigators ex-
amined the formation of the network
pattern in the liver cells of the fetal rat
and found that it follows an orderly se-
quence of events. In the region of the
developing tight junction short rows of
particles become organized around the
edges of honeycomb-shaped depres-
sions in the plasma membrane. The
rows of particles progressively intercon-
nect to form a loose network, becoming
more closely packed to yield the smooth

MODEL OF A TIGHT JUNCTION is illustrated in this schematic
diagram. The adjacent cell membranes are held together by sealing
strands, which form lines of attachment. Each sealing strand is com-
posed of two rows of closely spaced particles (one row is contributed
by each cell), which adhere tightly like a modified zipper. The arrange-
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ridges characteristic of the mature tight
junction. Close analysis of these events
at the molecular level should be possible
within the next few years.

he adhesion between the cells in a
tissue is maintained by adhering
junctions called desmosomes, which en-
able groups of cells to function together
as a structural unit. These junctions can
be classified in two main categories, belt
desmosomes and spot desmosomes, on
the basis of the types of cytoplasmic fila-
ments with which they are associated.
The belt desmosome forms a band
that links adjacent epithelial cells in
the region just below the tight junction.
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Within this junctional zone the intercel-
lular space is filled with fine filamen-
tous material. Associated with the cyto-
plasmic surfaces of the adjacent plasma
membranes are two sets of filaments:
one set in the form of a bundle running
along the inside of the membrane and
the other originating at or near the junc-
tion and extending in a flat configuration
into the cytoplasm.

The filaments associated with the belt
desmosome are 70 angstroms in diame-
ter, and they appear to contain actin, a
principal protein of muscle cells, which
suggests that they are able to contract.
Indeed, Richard D. Rodewald and Mor-
ris J. Karnovsky of the Harvard Medi-
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ment of the sealing strands in the form of a network gives the junc-
tion considerable flexibility and the capacity to maintain the seal un-
der a variety of stress conditions. Associated with the cytoplasmic
surfaces of the junctional membranes are fine filaments that connect
to the sealing strands and thereby structurally reinforce the junction.




cal School and Mark S. Mooseker and
Lewis G. Tilney of the University of
Pennsylvania demonstrated that the re-
gion of the intestinal epithelial cell that
includes the belt desmosome contracts
in the presence of the energy-storing
molecule ATP and calcium or magnesi-
um ions. Because the epithelial cells are
physically linked to form a coherent
sheet it is not clear what role the con-
traction of the belt desmosome encir-
cling each cell might play. Most likely it
serves to close gaps in the epithelium
that result when cells die and slough
away. The 70-angstrom filaments may
also be responsible for the movements
and the changes in shape of epithelial
sheets during the formation of organs in
the embryo. .

The second type of adhering junction,
the spot desmosome, was discovered in
1954 by Keith R. Porter at Rockefeller
University. Unlike tight junctions and
belt desmosomes, spot desmosomes do
not form bands around epithelial cells
but rather form buttonlike points of
contact between the plasma membranes
of adjacent cells at various levels, analo-
gous to rivets or spot welds. Within the
spot desmosome the two adjacent cell
membranes are strictly parallel and are
separated by a gap about 300 angstroms
wide. Filamentous material fills the gap,
which in thin sections appears to be bi-
sected by a dense line termed the central
stratum. On the cytoplasmic surface of
each plasma membrane is a disk-shaped
plaque. Connected to these plaques are
filaments with a diameter of 100 ang-
stroms, called tonofilaments. The tono-
filaments are not contractile but seem to
form a tensile, structural framework for
the cell cytoplasm. Bundles of tonofil-
aments originating deep within the cy-
toplasm loop through the plaques of
the spot desmosomes. Other bundles
lie closely parallel to the plasma mem-
brane and hardly change their direction
when they pass through a plaque.

Thinner filaments arising within the
plaques themselves project from the cell
into the intercellular space, where they
are connected to the central stratum in a
staggered configuration. These “trans-
membrane linkers” apparently provide
a direct mechanical coupling between
the tonofilament networks of adjacent
epithelial cells, creating a continuous
structural network for the entire epithe-
lium. Freeze-fracture studies have sup-
ported the existence of such mechanical
coupling between cells. Unlike the
membranes of the belt desmosome,
which are nearly free of particles, the
membranes of the spot desmosome con-
tain disk-shaped plaques of irregularly
fractured particles. These particles re-
semble filaments that have been broken
off at different levels within the mem-
brane and deformed in the fracturing
process.

Hemidesmosomes, or half desmo-

DEVELOPING TIGHT JUNCTION between two cells in the liver of a fetal rat is shown in
this specimen prepared by freeze-fracturing. The formation of the junction follows an orderly
sequence of events. Clusters of particles first give rise to rows of particles, which then form the
honeycomblike network of sealing strands, the beginnings of which are visible here. Magnifica-
tion of the micrograph, provided by Lelio Orci of University of Geneva, is 102,000 diameters.

somes, are a third type of adhering junc-
tion found in epithelial cells. They serve
as anchoring sites for bundles of tono-
filaments, but unlike spot desmosomes
they do not link adjacent cells but rather
join individual epithelial cells to the un-
derlying matrix of connective tissue,
thereby preventing the two layers from
separating. Cells that are subjected to
severe mechanical stress, such as those
in the cervix of the uterus, possess un-
usually large numbers of spot desmo-
somes and hemidesmosomes. These
junctions are interconnected by net-
works of tonofilaments, which serve to
limit the distensibility of the cells and,
through the transmembrane linkers, to
distribute the shearing forces acting on
individual cells to the epithelium as a
whole and to the underlying tissues. In
this way the junctions minimize the dis-
ruptive effects of such forces.

he development and maintenance of
organization within an organism de-
pends on the exchange of information
among its constituent cells. Structures
that mediate the direct transfer of chem-
ical messages between cells are general-
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ly referred to as gap junctions. In recent
years gap junctions have been intensive-
ly investigated because they offer the
potential for exploring one of the funda-
mental problems of modern biology: the
control of cell growth and differentia-
tion in higher organisms.

In electron-microscopic sections of
gap junctions the intercellular space ap-
pears to be narrowed from its normal
width of about 250 angstroms to a width
of about 30 angstroms. The space is of-
ten obscured if the sections are cut too
thick or if the membranes have been in-
adequately stained; as a result for sever-
al years after gap junctions were initially
discovered they were often mistaken for
tight junctions. It is now clear, however,
that the two types of junction have very
different structural and functional char-
acteristics.

As was first shown by Jean-Paul Re-
vel and Karnovsky at the Harvard Medi-
cal School, gap junctions do not impede
the flow of heavy-metal tracers such as
lanthanum hydroxide through the inter-
cellular space. If one makes a thin sec-
tion tangential to the junction, however,
the electron microscope reveals a hexag-
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TWO TYPES OF ADHERING JUNCTION, the belt desmosome and the spot desmosome,
provide strong mechanical links between cells and prevent them from being torn apart when a
tissue is stretched. In the micrograph at the left, magnified 105,000 diameters, the belt desmo-
some is at the top with two spot desmosomes below it. The fibers associated with the belt des-
mosome, called 70-angstrom filaments, are clearly of smaller diameter than those associated
with the spot desmosome, called tonofilaments. (Those filaments that have been cut in cross
section appear as black dots.) The micrograph at the right, with a magnification of 135,000 di-
ameters, is of a spot desmosome. Lining the inner surfaces of the adjacent cell membranes in the
region of the junction are two darkly stained plaques, to which bundles of tonofilaments are at-
tached. Thinner filaments originating within the plaques extend through the cell membranes,
connecting in a staggered configuration to a darkly stained structure called the central stratum.

CENTRAL STRATUM

INTER-
/ |- CELLULAR
SPACE

TRANS -
- MEMBRANE
LINKER

(—:‘ PLASMA MEMBRANE
MODEL OF A SPOT DESMOSOME is outlined in this diagram. The tonofilaments, 100 ang-
stroms in diameter, form a tensile network that extends throughout the interior of the cell. They
are attached to the plaques of the spot desmosome through poorly defined filamentous struc-
tures. Other filaments, called transmembrane linkers, connect the plaques of the spot desmo-
some across the intercellular space. The junction therefore serves to couple the tonofilament
networks of adjacent cells, allowing the dissipation of shearing stresses throughout the tissue.
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onal array of cylindrical structures into
which the stain has not penetrated. The
stain occasionally fills a central hole in
these cylinders, suggesting that it is the
opening of a narrow channel. In freeze-
fracture replicas the adjacent plasma
membranes in the region of a gap junc-
tion contain a disk-shaped array of
closely spaced particles, and it can be
shown that the particles of the two ar-
rays are aligned within the intercellular
space.

The gap-junction particles appear to
form intercellular pipes or channels that
bridge both the adjacent membranes
and the intercellular space, thereby al-
lowing the exchange of molecules be-
tween cells. This model explains the
ability of heavy-metal markers intro-
duced into the intercellular space to per-
meate the gap junction. If by analogy
one visualizes the two adjacent cells as a
pair of metal tanks and the gap junction
as an .array of short pipes connecting
them, it is clear that substances external
to the tanks will be able to pass through
the spaces between the pipes, although
they will not be able to get into either the
pipes or the tanks.

he basic elements of the gap-junc-

tion model were postulated in the
early 1960’s by Werner R. Loewenstein
at the Columbia University College of
Physicians and Surgeons, on the basis of
electrical measurements made on living
cells [see “Intercellular Communica-
tion,” by Werner R. Loewenstein; Sci-
ENTIFIC AMERICAN, May, 1970]. Loe-
wenstein (and somewhat earlier Silvio
Weidman at the University of Cam-
bridge and Edwin J. Furshpan and Da-
vid D. Potter at University College Lon-
don) had found that when an electric
current was injected into a cell, resulting
in a shift of voltage across the cell mem-
brane, a voltage shift of almost the same
magnitude could be detected in adjacent
cells. Loewenstein concluded that the
cells must possess low-resistance electri-
cal connections that enabled them to
pass along their voltage changes, a hy-
pothesis that contradicted the long-
standing concept that cells were com-
pletely autonomous entities. Indeed,
when small tracer molecules such as the
fluorescent dye Procion yellow were in-
jected into a particular cell, the dye
turned up in the cells to which that cell
was electrically coupled.

This finding suggested that the cell-to-
cell channels of the gap junction allow
the passage of certain substances from
one cell to the next. By utilizing fluores-
cent tracer molecules of different sizes it
has been possible to show that mole-
cules with a molecular weight of up to
1,000 daltons can readily pass from one
cell to another through the connecting
channels, which are approximately 20
angstroms in diameter. In this range fall
ions, most sugars, amino acids (the



building blocks of proteins), nucleotides
(the building blocks of nucleic acids),
vitamins and ‘“messenger” molecules
such as steroid hormones and cyclic
AMP. Cells connected by gap junctions
can therefore draw from an intercellular
pool of such substances.

The exchange of postulated regulato-
ry molecules through gap junctions may
be important in regulating the growth
and differentiation of large groups of
cells during embryonic development.
Metabolic coupling also appears to be
vital for the distribution of nutrients in
embryos before the circulatory system
is established. As was shown by Potter
and Furshpan, and also by Edwin S.
Lennox of the Salk Institute for Biologi-
cal Studies, the yolk cells of squid em-
bryos are electrically coupled with all
the other cells in the embryo until the
onset of blood circulation. After the cir-
culatory system becomes functional the
yolk cells are coupled only with other
yolk cells.

In electrically excitable tissues gap
junctions serve to transmit electrical
signals, and in this capacity they are
termed electrotonic synapses. These
junctions allow the electrical activity
of one cell to be transmitted to an adja-
cent cell without the need for mediation
by a neurotransmitter, or messenger
substance. Since electrical transmission
is virtually instantaneous, electrotonic
synapses are usually found in tissues
where either the speed of the response or
the precise synchronization of the activ-
ities of many cells is crucial. For exam-
ple, gap junctions synchronize the con-
tractions of the muscle cells of the heart
and the contractions of the smooth-mus-
cle cells responsible for the peristaltic
movements of the intestine.

A more exotic function of gap junc-
tions was observed by Michael V. L.
Bennett of the College of Physicians and
Surgeons while he was studying the ner-
vous control of the electric organ of the
South American mormyrid fish, which
stuns its prey with an electric shock. In
such electric fishes the strength of the
shock depends on the precise synchroni-
zation by motor-nerve cells in the spinal
cord of the discharges of the large num-
bers of excitable cells that make up the
electric organ. Bennett found that when
he stimulated one of the motor-nerve
cells innervating the organ, all the other
innervating neurons fired simultaneous-
ly, since the impulse was passed along
from one neuron to the next through gap
junctions.

The permeability of the gap-junction
channels is strictly regulated by the con-
centration of calcium ions within the
cell. Normally the level of free calcium
ions in the cytoplasm is quite low. When
calcium is injected into the cell, the cell
quickly becomes uncoupled from its
neighbors. If the cell is then left alone,

THIN SECTION THROUGH A GAP JUNCTION reveals aspects of its structural organiza-
tion. This electron micrograph shows a crayfish gap junction that has been soaked in the elec-
tron-opaque substance lanthanum hydroxide. In vertical cross section (/efr) the lanthanum de-
posit appears to fill the narrow intercellular space. In tangential section (right) the stain outlines
a hexagonal array of lightly stained particles. Magnification of micrograph, made by Camillo
Peracchia of University of Rochester School of Medicine and Dentistry, is 100,000 diameters.

REPLICA OF A GAP JUNCTION prepared by freeze-fracturing reveals a disk-shaped ar-
ray of particles on the cytoplasmic half-membrane face of the underlying cell and a correspond-
ing array of pits on the external half-membrane face of the overlying cell. The gap-junction
particles terminate within the intercellular space, where they meet the set of particles from the
overlying cell. (This latter set of particles was torn away during the fracturing process.) Note the
narrowing of the intercellular space within gap junction. Magnification is 100,000 diameters.
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ISOLATED GAP JUNCTION that has been stained appears as a lattice of cylindrical par-
ticles with stain-filled cores. The cores serve as intercellular channels. Micrograph, which mag-
nifies junction 410,000 diameters, was made by N. Bernard Gilula of Rockefeller University.
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HP advances in computed measurement

Direct answers

for people who rely on measurements
through instruments

that both measure and compute.

If you rely on measurements, and want di-
rect answers rather than intermediate data,
HP may have a ready-made solution in its
large repertoire of “smart” instruments with
a built-in computing capability; or we can
help you tailor a cost-effective system linking
one or more instruments to an external
computer via the HP Interface Bus.

With conventional measuring instruments, getting
answers to complex measurement questions re-
quires three separate operations: making the mea-
surement to obtain data, analyzing the data, and
synthesizing it to achieve the answers. This takes time
and considerable technique, and occupies skilled
people in repetitive tasks.

Now, through a single process which we term com-
puted measurement, HP instruments make the mea-
surements, perform the analyses, synthesize the data,
and deliver fast, precise, direct answers. In many
instances, they provide answers previously unob-
tainable or economically unfeasible.

HPis arecognized leader in the design and manufac-

ture of precision electronic measuring instruments
and computers used widely in science, industry, and
medicine. The computed measurement approach is
thus alogical outgrowth of our broad range of interac-
tive products and our development of the interna-

tionally accepted interfacing technology for linking
instruments and computers.

On these pages are three examples out of many of
HP’s computed measurement instruments and
systems—information tools that increase the effec-
tiveness of people who work on problems that yield to
measurement.

For further information on the products discussed
here, please mail the coupon. If you are involved in
some other area of measurement where HP’s com-
puted measurement capability might provide an effec-
tive solution, write to us and we'll reply promptly.
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In hospital patient care...

Electronic monitoring of the critically ill can furnish a
continuous display of vital signs to help doctors,
nurses, and therapists deal more directly and im-
mediately with a patient’s needs, and in some cir-
cumstances to anticipate impending problems.

Cases in point are the new HP 78341 and 78342 vital
sign monitors, designed to monitor patients at bedside
and in the operating room. Each compact instrument
presents unified answers on its CRT screen. The 78341
monitors ECG and respiration, displayed as waveform
traces, plus heart rate, respiration rate, blood pressure,
and temperature displayed in numerical form. The
78342 displays traces for ECG and calibrated pressure,
plus heart rate, temperature, and two pressure values
displayed numerically.

Major hospitals tend to have a disproportionate share
of intensive care capabilities—not because patients’

needs in smaller hospitals are less critical, nor because
doctors there could not put such capabilities to use,
but simply because of limitations in the smaller hospi-
tal’s available budget. Now the HP 78341 and 78342

have put a great deal of monitoring capability into a
relatively small box at a relatively low price. These new
monitors can thus extend the possibilities of smaller
hospitals to broaden their range of services, affordably.

These instruments are part of HP’s range of modular,
compatible systems for patient care which include
computer-based patient data management, arrhyth-
mia monitoring, computerized catheterization labs,
and perinatal and critical care monitoring systems.
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In automotive design...

Low-frequency dynamic analysis helps automobile
manufacturers design safer, quieter cars. HP digital
signal (Fourier) analyzers reveal how structures behave
under varying levels of vibration. With these valuable
tools, manufacturers can test prototype cars on “shak-
ers” to simulate a variety of actual and exaggerated
road conditions. Analysis of how a car responds en-
ables engineers to isolate structurally weak points in
the design, and provides a systematic process for re-
ducing structural vibration and failure. The result:
safer, quieter, better riding cars, with reduced design
and prototype development costs.

Prior to the availability of digital signal analyzers, de-
signers of cars, bridges, machine tools, and other
mechanical structures were hard put to isolate the
sources of unwanted vibration. Expensive and time-
consuming trial-and-error modifications to strengthen
the structure, or overbuilding with its added weight,
material waste, and costs, were the only alternatives.
Now, HP digital signal analyzers help engineers to
optimize structural designs with attendant economies
in both initial cost and operation.

HP makes a range of digital signal analyzers, including
the HP 5451 with modal and signature analysis op-
tions, and the smaller HP 5420, shown above, whose
built-in computer intelligence guides the operator
quickly and accurately to solutions in the analysis of
problems involving complex frequency variables.

HEWLETT ""hp”:; PACKARD

1504 Page Mill Road, Palo Alto, California 94304

For assistance call: Washington (301) 948-6370, Chicago (312) 255-9800,
Atlanta (404) 955-1500, Los Angeles (213) 970-7500

extend your possibilities.

In pollution control...

Pollutants in our water supplies necessitate monitor-
ing the quality of the water we drink. One dangerously
toxic group of pollutants are the volatile organic com-
pounds, such as chloroform and toluene. These com-
pounds are usually present in water in such minute
quantities—commonly one part per billion or less—
that their detection and analysis by manual methods
requires time-consuming, highly specialized tech-
niques and is often less than reliable.

With the HP 5992 gas chromatograph/mass spec-
trometer (GC/MS), specific toxic substances even at
levels considerably below one part per billion can be
quickly identified and measured. A technician simply
keys instructions into the desktop computer that con-
trols the system, injects a sample of water into the
chromatograph, and minutes later receives the an-
swer: a complete analytical report.

By automatically comparing the mass spectrum of
each compound in the sample with reference spectra
stored in computer memory, the HP 5992 can provide
real-time identification, printing out the compound
name on the chromatogram profile as it is plotted.

The HP GC/MS is also being used in many other fields
where quick, precise chemical analysis of infinetesi-
mally small quantities is required—toxicology, phar-
macology, and food and flavor analysis, to name a few.

Mail to: Hewlett-Packard, 1504 Page Mill Road, Palo Alto, CA 94304.

Please send me further information on

() HP 5992 gas chromatograph/mass spectrometer
) HP 78341 & 78342 vital sign monitors
| HP 5420 & () 5451C digital signal analyzers

Name

Company

Address

City State Zip

00845
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MODEL OF A GAP JUNCTION depicts the structural elements that allow the exchange of
nutrients and signal molecules between cells without loss of material into the intercellular space.
The communicating “pipes” are formed by pairs of abutting particles, which are in turn com-
posed of six dumbbell-shaped protein subunits that span the lipid bilayer of each cell mem-
brane. The channel passing through the cylindrical particles is about 20 angstroms in diameter,
limiting the size of the molecules that can pass through it. Unlike the tight junction, fluids and
tracers in the intercellular space can permeate the gap junction: they flow around the pipes.

INITIAL REACTION OF CELLS TO INJURY is the sealing of gap junctions at the wound
border, preventing the loss of vital nutrients from the intact cells. This reaction is triggered by
the influx of calcium ions into the ruptured cell from the surrounding fluid (g, ). As the wound
closes, coupling is reestablished among the intact cells within about 30 minutes (c, d). If the gap
junctions were not sealed after injury, a tissue with many gap junctions, such as that of the
stomach or the liver, could not survive destruction of even a single cell. This illustration is based
on one developed by Werner R. Loewenstein of the University of Miami School of Medicine.
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the mitochondria inside the cell will
gradually sequester the excess calcium
until the level returns to normal and the
channels become functional again. The
injection into the cell of a synthetic sub-
stance that binds free calcium ions, such
as ethylene diamine tetraacetic acid
(EDTA), also restores electrical cou-
pling that was blocked by the previous
injection of calcium.

Loewenstein, who is now at the Uni-
versity of Miami School of Medicine,
has suggested that the sensitivity of gap
junctions to calcium ions is essential to
the ability of tissues to repair themselves
after injury. If a hole is punched in a cell,
the relatively high levels of calcium in
the surrounding fluid rush in, causing
the gap junctions of the damaged cell to
close. As a result the loss of nutrients
from the adjacent undamaged cells is
minimized. When the cells make contact
with other normal cells as the wound
closes, they form new, functional gap
junctions within 30 minutes. Camillo
Peracchia of the University of Roches-
ter School of Medicine and Dentistry
has observed that as the gap-junction
channels close, the diameter of the gap-
junction particles decreases, which sug-
gests that closure is brought about by
the “collapse” of the channel elements.

Considerable effort is now being fo-
cused on attempts to isolate and chemi-
cally characterize the gap-junction par-
ticles. Goodenough has found that iso-
lated gap junctions contain one major
protein, connexin, which has a molecu-
lar weight of 18,000 daltons and consists
of two chains of amino acid units. Re-
cently, in collaboration with D. L. D.
Caspar, Lee Makowski and W. C. Phil-
lips of Brandeis University, he has ex-
amined isolated gap-junction particles
with electron-microscopic and X-ray-
crystallographic techniques and has
concluded that they are made up of six
dumbbell-shaped subunits that aggre-
gate to form a cylindrical structure about
70 angstroms in diameter with sixfold
symmetry and a central channel.

It is still largely not known how inter-
cellular junctions are assembled at
the molecular level. One approach to
the question has been to isolate the junc-
tions and resolve them biochemically
into their component parts. Other inves-
tigators have looked for changes in the
intercellular junctions of cancer cells,
which grow uncontrollably and separate
from their neighbors to spread through-
out the body. Although many cancer
cells appear to be normal in their inter-
cellular coupling, some have a low level
of coupling, which suggests that one
cause of uncontrolled cell growth might
be the inability to send or receive signal
molecules across gap junctions. Such a
defect might arise either from a paucity
of gap junctions or an alteration in the
structural organization of the gap-junc-
tion particles. Cancer cells that have
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But the fact is, we think the Volvo 264 could be
the best car you've ever owned, because a majority of
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In a survey conducted by K. M. Warwick
Marketing Research, a national sampling of new car
owners were asked: “Would you consider your
present car the best car you've ever owned?”
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normal gap junctions, on the other hand,
may possess some defect in their ability
to respond normally to the transferred
signal molecules. In any case it seems
clear that the health of an organism, like
that of a society, depends on how well its
constituent units communicate with one
another. Gap junctions are apparently
the major pathway for direct intercellu-
lar communication.

In sum, the functions of the three ma-

jor categories of intercellular junctions
are closely correlated with their struc-
ture. The tight junction is composed of
two plasma membranes held very close
together by interlinked rows of integral
membrane proteins, which create an im-
permeable seal. The desmosomes are
composed of peripheral and integral
membrane proteins that bridge the plas-
ma membranes and connect the internal
tensile skeletons of adjacent cells. The

gap junction involves integral mem-
brane proteins organized in the form of
tubes that provide channels of commu-
nication between the cytoplasms of ad-
jacent cells. Continued exploration of
the architecture and function of inter-
cellular junctions should increase our
understanding of how cellular integra-
tion gives rise to higher forms of life
with capabilities beyond those of indi-
vidual cells.
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DISTRIBUTION OF JUNCTIONS in the epithelium of the small
intestine is illustrated in this schematic diagram. The tight junction
(red) forms a band around the rim of each cell and is reinforced by
a network of fine filaments (brown). Just below it is the belt desmo-
some (purple), which girdles the inside of the cell membrane with
bundles of contractile filaments. Associated with these bundles is a
mat of interwoven filaments called the adherens web. The web is de-
rived largely from the splaying out of filaments from the bundles of
core microfilaments (dark green), which extend up into the microvilli
and maintain their shape. Below the adherens web are the spot des-
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mosomes (yellow), which resemble spot welds between the lateral cell
membranes. Then come the gap junctions (light green), patchlike
areas of close intercellular contact. At the base of the cell the hemi-
desmosomes (orange) couple the epithelial cells to the underlying ma-
trix of connective tissue. Bundles of tonofilaments (b/ue) crisscross
the cell interior from one desmosome to another, providing a tensile
framework for the cytoplasm. In sum, the adjacent cells in the epithe-
lium are coupled both mechanically (through spot desmosomes) and
metabolically (through gap junctions) and separate the digestive flu-
ids in the intestine from the tissue fluids (through tight junctions).
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Roman Hydraulic Technology

The achievements of the Romans in impounding, moving and delivering

water on a large scale were not matched for 1,500 years. The aqueduct

systems in particular embodied many remarkable feats of engineering

he Romans have come down in

history with the reputation of hav-

ing been particularly good at engi-
neering. Their various waterworks show
that the reputation is justified. Indeed,
their achievements in impounding, mov-
ing and delivering water (often over
long distances and in spite of numerous
obstacles) were not matched for some
1,500 years after the decline of the Ro-
man empire.

A good place and time to begin a
consideration of Roman waterworks is
Rome at the end of the first century. In
A.D. 97 a new man took over as water
commissioner of the city. He was Sextus
Julius Frontinus, who had at one time
(A.D. 74 to 78) been the governor of Brit-
ain and was the author of works on land
surveying and warfare. For seven years
up to the time of his death he worked
hard to bring a measure of order and
efficiency to the operation of a public
utility that had been mismanaged and
neglected for years. In De aquis urbis
Romae he set down his experiences in
running the largest public water-supply
system in the ancient world.

By the end of the first century Rome
was supplied by nine aqueducts. The
oldest of them, the Aqua Appia, had
been built more than 400 years earlier;
the most recent, the Aqua Claudia and
the Aqua Anio Novus, had been in and
out of service for less than 50 years. The
bulk of the water supply, and all the
water of the best quality, came from the
valley of the River Anio (from the river
itself and from springs). The lengths of
the aqueducts varied from 12 miles to
more than 50; in all, Frontinus found
himself responsible for some 300 miles
of covered channel (specus) with cross
sections that varied from about nine
square feet to as much as 40 square feet.

The popular picture is that Roman
aqueducts were carried throughout their
length on the tops of lines of arches.
Such a picture is quite misleading. As
far as was practicable—and the Romans
were eminently practical engineers—the
routes of aqueducts, at Rome and else-
where, followed a steady gradient at or
below ground level. The use of tunnels,
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by Norman Smith

long arcades, high bridges over river
valleys or pipelines across deep depres-
sions was a last resort when difficult con-
ditions could be met in no other way.
Indeed, the evidence is clear that Roman
engineers would go to some lengths,
quite literally, to avoid any compromise
of their basic rule. In the system of aque-
ducts serving the city of Rome, for ex-
ample, only about 5 percent of the mile-
age was carried on bridges.

Surface and underground conduits
were easier to build and to maintain.
Access for the cleaning and repairing
of underground conduits was provided
at intervals along each specus through
shafts or openings called putei. The de-
bris cleaned from the aqueducts was
dumped beside the putei; modern ar-
chaeologists have been able to find
the long-abandoned conduits below by
identifying these piles of stone, gravel,
silt and calcareous deposits.

In order to maintain the required gradi-

ents five of Rome’s aqueducts had to
be carried for a few miles on bridges, the
magnificent arcades that are still such a
dominating feature of the Campagna.
Expediency prevailed, and so the five
conduits utilized only two bridges. The
Aqua Tepula and the Aqua Julia were
carried on the bridge first built to sup-
port the Aqua Marcia, and the Aqua
Anio Novus shared the bridge of its con-
temporary, the Aqua Claudia. In purely
constructional terms such extensions
were not difficult to build; it was simply
a matter of putting a new channel (or
two channels) on top of the existing one.
Concrete faced with brick served for the
channels of the Aqua Tepula and the
Aqua Julia above the Aqua Marcia, and
brick lined with watertight concrete car-
ried the Aqua Anio Novus over the
bridge of the Aqua Claudia.

In the long run the elevated sections of
aqueduct were not an unqualified suc-
cess. Both archaeological and written
evidence indicate the need for extensive
and frequent repairs, which entailed
lengthy interruptions in the flow of wa-
ter. Frontinus comments on the damage
resulting from “defects in the original
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construction.” For example, the Aqua
Claudia (which was 14 years under con-
struction) was completed in the year 52,
repaired in 71 after 10 years of use and
nine of disuse, repaired again in 80 and
worked on once more in 84. The evi-
dence of such remedial work is manifest
in the sections of the Aqua Claudia that
still stand. Many of the arches have been
crudely built up with thick layers of
brick, tile and mortar that often extend
several feet down the piers.

The root cause of the problem is ob-
scure. Conceivably the superposition of
one or two channels on an existing
bridge proved to be too much for the
supporting arches, causing joints to
open up. Alternatively, increasing the
load on the piers may well have led in
time to differential settling and conse-
quent overstraining of the arches. Fron-
tinus, who was conscious of the effects
of temperature, observes that an advan-
tage of underground channels is that
“they not being subjected to either heat
or frost are less liable to injury.”

In any event the upshot of these and
other structural failures was leakage,
which, together with the theft of water
from the open channels and from the
buried sections if they could be reached
and penetrated, resulted in substantial
reductions in the volume of water finally
delivered to Rome’s private citizens and
public cisterns. This was the issue that
occupied Frontinus more than any oth-
er. In the end it defeated him, not least
because he was unable to calculate ei-
ther the theoretical or the actual quan-
tities of water flowing. (Remarkably,
Frontinus was under the impression that
the volume of flow was a function only
of cross-sectional area, depending not at
all on velocity. Whether or not such ig-
norance was confined to civil servants is
impossible to test in the absence of a
single surviving word from a Roman hy-
draulic engineer.)

What can a modern calculation tell us
of the quantity of water delivered to
Rome’s inhabitants, who in Frontinus’
time may have numbered perhaps a mil-
lion? The answer is nothing; the data
available fall far short of the minimum



required. Although the cross-sectional
areas of the conduits are known, one
cannot be sure that the conduits ever ran
full, because their size was determined
as much by the need for work space as
by that for water space. The layout and
capacity of the inlets for the aqueducts
is uncertain, and the quantity of leakage
is not known. Moreover, it is certain that
only rarely, if ever, were all the aque-
ducts fully operational at the same time.

otwithstanding the structural and
hydraulic defects that continually
disturbed the operation of the system
and made difficulties for Frontinus,
Rome’s water-supply system was a su-

perb achievement. The principle was a
classic solution to a fundamental prob-
lem of urban population growth on a
large scale. Frontinus was so impressed
that he is moved at one point in De aquis
to remark: “With such an array of indis-
pensable structures carrying so many
waters compare, if you will, the idle Pyr-
amids or the useless, though famous,
works of the Greeks.” (The comment is
puzzling because it was Greek cities that
had pioneered the technology Frontinus
regarded as being so beneficial to urban
living and such a mark of civilized de-
velopment.)

In any assessment of the development
of Roman engineering it is important

to remember how much was absorbed
from conquered peoples in general and
the extent to which Greek engineers in
particular worked for the Romans and
thereby diffused ideas and practices. It
is equally certain, however, that Ro-
man engineers took water-supply engi-
neering much further. Rome itself was
unique only in the sheer size of its wa-
ter-supply system; on a lesser scale the
same public utility was provided in
many cities all over the empire. Funda-
mental to this display of expertise in civ-
il engineering were two important Ro-
man innovations: the construction of
arches and the development of hydraulic
concrete, which was quick-setting (even

ARCHED BRIDGE carried two aqueducts a distance of 6.5 miles
near Rome. The photograph shows part of the longest section still in
existence, a length of some 1,500 yards including 153 arches. At this
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point the bridge is about 40 feet high. The broken bricked portion at
the top carried the Aqua Anio Novus. Below it, just above the arches,
the Aqua Claudia ran in a channel three feet wide and six feet high.
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AQUEDUCT SYSTEM built by the Romans typically included most
or all of the engineering features portrayed in this hypothetical aque-
duct, which begins at the top left on this page and continues to the bot-

under water), strong and waterproof.

Long arcades were built to carry aq-
ueducts across tracts of flat, low-lying
country. In addition to the arcades near
Rome fine examples survive in North
Africa and at Mérida in Spain. No mat-
ter how carefully the route from the
source to the city was surveyed or how
carefully the options were weighed,
however, Roman engineers frequently
had to deal with two further topograph-
ical obstacles: hills and river valleys.
High ground was usually overcome by
going around it. The difficult, dangerous
and expensive work of tunneling over
long distances or at great depths was
avoided wherever possible, as it would
be in a modern undertaking. Few exam-
ples of Roman water-supply tunnels are
known, one reason being the difficulty of
making opposite sections of a tunnel
meet. (We should not smile unduly, be-
cause the same thing happens today, al-
beit rarely. The successful meeting of
the two parts of a long tunnel is still
rightly an occasion for drinking cham-
pagne.)

As for river valleys, the choice be-
tween the two solutions that were avail-
able was dictated by the depth of the
crossing. Up to about 150 feet a bridge
would be built. The magnificent Pont du
Gard near Nimes in southern France is
the outstanding example. Yet in spite of
its impressive appearance the Pont du
Gard is structurally clumsy. The Ro-
mans achieved its great height (more
than 160 feet) by the primitive tech-
nique of stacking bridges one on another
in three layers.

By degrees the Roman engineers im-
proved their methods. In the first centu-
ry the bridge-stacking approach was
abandoned, and subsequently the use of
concrete brought further structural re-
finement and elegance. In the bridges at
Mérida and at Cherchell in Algeria the
tall piers, made with concrete cores and
faced with brick and masonry, are con-
tinuous columns from top to bottom,
lightly braced at intervals and firmly
connected only at the top by the arches
that carry the specus. Roman aqueduct
bridges are a highly instructive example

CONTINUATION OF AQUEDUCT shows the water being carried
first across a fairly deep valley (up to 150 feet) by a three-tier bridge.
(The Pont du Gard, a three-tier bridge, survives in France.) There-
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tom right on the opposite page. At the source water is impounded be-
hind an earth dam, which is faced on the side toward the water with a
wall of masonry and concrete supported by a line of masonry but-

of the process of structural evolution.

If a valley was more than about 150
feet deep, a bridge alone was unsuit-
able for carrying an aqueduct. The cost
of providing materials, falsework, scaf-
folding and lifting gear became prohib-
itive. The sheer weight of the finished
structure on its foundations might also
have been a deterrent. The solution was
to employ pipelines laboriously fabri-
cated from lead or earthenware. From a
header tank at the end of the approach-
ing open channel the pipe system (which
usually consisted of several pipes laid
side by side) was carried downward at a
steep angle on a broad masonry ramp.
Having crossed the floor of the valley on
a bridge (which was often quite a large
structure itself), the pipes ascended the
opposite side of the valley, again on a
ramp, to the level of a receiving tank at
the beginning of the next section of open
conduit. The receiving tank was posi-
tioned sufficiently below the level of
the header tank to ensure an adequate
flow of water.

At Lyon a total of nine such pipelines
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after it runs for a time belowground in a tunnel built by a “cut and
cover” technique. Shafts called putei are provided at intervals for the
cleaning and repairing of the tunnel. Over a stretch of flatland the



tresses. The water is drawn out through a tunnel and runs for a cer-
tain distance as an open channel. On reaching a shallow valley it is
carried across on an arched masonry bridge, typically from 50 to 100

(the technical name for them is inverted
siphons) served the four aqueducts that
supplied the city. The major siphons var-
ied in length from half a mile to three
miles and reached depths of from 200
feet to more than 400. To contain such
pressures the siphons consisted of as
many as 10 lead pipes, each pipe some
10 inches in diameter with a wall thick-
ness of three-quarters of an inch. The
quantity of lead (perhaps 15,000 tons)
that had to be mined, smelted, trans-
ported, fabricated and laid was stagger-
ing. It was done, though, and the system
worked.

One feature of the siphons remains
obscure, namely the question of their
hydraulic design and how it achieved a
satisfactory flow rate. Somehow the Ro-
man engineers mastered the seemingly
difficult job of matching the capacity of
a multitube siphon to that of the con-
necting open channels. One suspects that
the required configuration was arrived
at empirically. Knowing from experi-
ence that a siphon had to descend about
a foot for every 150 feet or so of its

length, the engineer would build the
header tank and the tubes first and then
would resort to judicious trial and error
to finally position the receiving tank.
In any case a fairly coarse adjustment
could be made by adding a pipe or re-
moving one. Evidence of such an adjust-
ment does exist.

ust as vital as the supply of drinking

water to cities in quantity was the

question of the quality of the water.
As one might suppose, the standards ap-
plied were quite rudimentary, taking ac-
count only of such obvious factors as
taste, smell, appearance and tempera-
ture. Surprisingly, the immense work of
building the Aqua Anio Novus resulted
only in a turbid supply while the source
was the uncleaned water of the River
Anio. In the reign of Trajan and during
Frontinus’ term of office a marked im-
provement was achieved by shifting the
intake of the Aqua Anio Novus to a res-
ervoir formed behind an immense dam
near Subiaco. It is virtually impossible
to reconstruct the details of the dam.

feet in height. In a shallower depression it is carried on an earth em-
bankment. On the rare occasions when it was impossible to go around
high ground, the Romans would build a tunnel to carry the water.

According to monastic records, it col-
lapsed in 1305. A medieval painting of it
survives.

One can learn something about Ro-
man achievements in this demanding
branch of engineering from a few dams
that still exist. Remarkably, two of them
are still in service. Both were built to
impound water for Mérida. Essentially
they are earth embankments of massive
proportions, suitably reinforced inter-
nally and externally with walls and but-
tresses of masonry and concrete. The
survival of these remarkable structures
(which now serve for irrigation purpos-
es) is largely due to the awareness of the
Roman engineers of the need for spill-
ways, which are essential if an earth
dam is not to be washed away by the first
flood that overflows the crest.

Water storage behind large dams was
an innovation indicative of Roman so-
ciety’s commitment to a reliable water
supply even in regions of meager rain-
fall. Dams were equally essential for ir-
rigation. A number of Roman irrigation
dams, in varying states of repair, survive

aqueduct is carried on a low embankment pierced by arches. At a deep
crossing an inverted siphon, consisting of lead pipes laid side by side
from a header tank, carries the water down one side, across a low

© 1978 SCIENTIFIC AMERICAN, INC

arched bridge and up the other side to a receiving tank. Toward the
end, in order to maintain an appropriate gradient, the aqueduct is car-
ried on a long arcade until it arrives at a distribution tank in the city.
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in the Middle East and North Africa.

In terms of agriculture the Roman
empire embraced three broadly differ-
ent regions. North of the Alps the wet,
heavy and thickly wooded lands of north-
western Europe presented agricultural
problems the Romans never solved. In
the Mediterranean basin most farming
could be done without irrigation. Be-
yond the Mediterranean basin lay the an-
cient centers of irrigation farming based
on rivers. The most important of them
was the Nile, whose waters and unique
basin-irrigation system made Egypt “the
granary of Rome.”

Egypt was exceptional. Elsewhere (to
the east and south of the Mediterrane-
an) desert farming required special tech-
niques the Romans learned from the
Nabataeans, an accomplished people
who flourished in the Negev until they
were overrun by the armies of Trajan in
A.D. 106. The prime characteristics of
rainfall in the Negev and along the
northern coast of Africa are its inten-
sity and its brief duration. The violent
spates that inundate the wadi beds for a
few days (perhaps for only a few hours)
in the year carry surprisingly large vol-
umes of water and enormous concentra-
tions of silt. The art of wadi irrigation is
the efficient capture of these brief floods
for long-term use.

One of the methods that was devel-
oped employed diversion dams to direct
water either to land under cultivation or
to storage tanks. Alternatively, and it is
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AQUEDUCTS OF ROME at the end of the first century A.D. are
identified. There were nine of them, the oldest (the Aqua Appia) hav-
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in this form that the engineering be-
comes elaborate, a wadi was terraced by
means of a carefully positioned series of
dams, which in time became filled in
behind by soil. Once a wadi had been
stepped off in this way, each terrace
could be planted to crops and cultivat-
ed with flood irrigation. The method
was capable of surprising agricultural
performance even when it was practiced
on the relatively small Nabataean scale.
It was developed on a large scale by the
Romans, particularly in North Africa,
with impressive results.

The construction of the North Afri-
can irrigation dams varied according to
the prevailing conditions. In steep, nar-
row wadis with good rock foundations
the typical structure included a core of
rubble and earth, sometimes consolidat-
ed with concrete, that was faced with
carefully cut and fitted masonry blocks,
whose joints were sealed with strong
mortar made from hydraulic lime. The
water face of a dam was sealed with opus
signinum, a form of plaster made from
hydraulic lime mixed with crushed brick
or pottery. The air face was stepped and
frequently buttressed to give added sta-
bility.

In broad wadis of gentler slope the
dams were basically of earth construc-
tion and were presumably faced with
masonry, so that they would be water-
tight and would resist erosion. Neglect
over many centuries and inundations
from the wadis have removed virtually
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all traces of these dams except for the
masonry spillways.

The irrigation works of North Africa
illustrate the comprehensiveness of Ro-
man dam building. The full range of
materials—masonry, earth, mortar and
concrete—was utilized selectively; spill-
ways and sluices were provided, and the
dams were employed to divert water
and to store it, generally for agriculture
and occasionally for drinking. The work
provides an impressive example of how
a system of dams for flood control, wa-
ter retention and soil conservation can
at one stroke solve a series of related
hydraulic and agricultural problems.

he most fundamental civil engineer-

ing problem in the Italian peninsula,
as paramount in the past as it is today,
was river control, with its closely relat-
ed purposes of preventing floods and
draining land. As the Roman engineer
in North Africa was successfully captur-
ing water and bringing it to the land his
colleague in Italy was engaged in the op-
posite pursuit. His Etruscan predecessor
had already tried his hand at this most
difficult and intricate of all tasks of civil
engineering.

In many parts of Italy poor drainage,
compounded by the tendency of large
rivers to flood low-lying ground, gave
rise to conditions that were conducive to
neither agriculture nor habitation. Of-
ten the attempt to build drainage canals,
some of them navigable, was not unsuc-
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ing been built more than 400 years earlier and the most recent (the
Aqua Claudia and the Aqua Anio Novus) being about 50 years old,
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cessful. The Romans worked hard to
contain the disagreeable River Po so
that valuable arable land would not be
periodically swamped. Draining by ca-
nal was also tried on the Tyrrhenian
coast, where one objective was the recla-
mation of the notorious Pontine Marsh-
es. The problem was formidable; ulti-
mately, for the Romans at least, it was
unsolvable. The region was so wet, low
and near the sea that, as modern engi-
neers have discovered, the only solution
was pumping on a scale unimaginable to
the Romans.

The most ambitious of all Roman
land-drainage schemes was initiated by
the Emperor Claudius. In A.D. 41 he em-
barked on a massive tunneling project,
easily the biggest until railway tunnels
were built, designed to drain the waters
of Lake Fucinus (near the modern Avez-
zano) into a river three and a half miles
away. Pliny the Elder, who visited the
work in progress, was as impressed by
this deep tunnel being cut through rock
as by anything he had ever seen. When
the system was reworked in the 19th
century, sections of the Claudian tunnel
and its Trajanic modifications were un-
covered. Errors and inconsistencies
found in the alignment of the tunnel sug-
gested that the Romans probably gained
little advantage from the immense effort
they had expended.

he Romans’ approach to hydraulic

problems was essentially a civil en-
gineering approach. Elements of their
mechanical engineering are much hard-
er to identify, and surviving relics are
scarce. More than one important ques-
tion is raised.

The origin, development and eventual
diffusion of all early hydraulic machines
is extremely obscure, although it is rea-
sonable to guess that irrigation was the
initial stimulus in the search for water-
raising devices. One of the few sources
of information is the De architectura of
Vitruvius, a wide-ranging work on a va-
riety of technical themes that is thought
to have been written in about 25 B.c.

In the book are to be found matter-of-
fact descriptions of a variety of water-
raising and water-powered wheels. The
implication is of regular but not neces-
sarily widespread use. Three of the wa-
ter-raising devices described by Vitruvi-
us are closely related. The pot wheel is
set vertically and is fitted around its pe-
riphery with containers; when the wheel
is rotated, water is lifted to a height
roughly equal to the diameter of the
wheel. For higher lifts a chain of pots
(saquiyah) is recommended. Here the
wheel drives an endless pot-carrying
chain, which can be as long as mechan-
ical strength and the power of the driv-
ing agent will allow.

The third device is the noria, a pot
wheel driven not by men or animals but
by the current of the stream from which
the wheel is taking water. Vitruvius’ de-

THREE PIERS built by the Romans are part of the remains of the Los Milagros aqueduct
bridge at Mérida in Spain. At two intermediate levels one sees the protruding remnants of “jack
arches” that were built to brace the piers during construction. Full longitudinal bracing was
achieved only when the channel and its arches were completed along the top of the bridge.

HEADER TANK remaining from a siphon on the Gier aqueduct serving Lyon indicates the
size of the lead pipes that carried the water through the siphon. The end of each pipe, of which
there were nine in this siphon, was fitted into one of these oval holes. In the foreground is the
beginning of the ramp that carried the pipes steeply down to the floor of the valley. This siphon
was 3,950 feet long and reached a depth of 304 feet. Little of the structure remains today.
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WADI IRRIGATION in desert areas required of the Romans some
elaborate hydraulic engineering. A wadi is the bed of a stream that
runs briefly but violently during seasonal rains, and the engineering
objective is to make the water usable over longer periods. Here one

scription of it is the first substantial ref-
erence to the harnessing of flowing wa-
ter to do work. His passage on the noria
is followed by a few lines on the water
mill, a current-driven wheel that oper-
ates millstones through a right-angle
gear drive. The origins of the water mill

a e

WATER-RAISING MACHINES employed in Roman hydraulic
projects included the bucket or pot wheel (a), the saguiyah, or chain of

160

are obscure. In particular we do not
know whether it was developed from
water-raising wheels or vice versa.
Rotary machines were not alone in
lifting water; reciprocation also came
into play, and it is Vitruvius who pro-
vides the oldest description of a piston

b (.",:&
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sees in plan (fop) and in elevation (bottom) how the Romans stepped
off a wadi with a series of dams. Gradually the structures filled in be-
hind with silt, and the land thus built up could in time be planted to
crops. Crops were watered by flood irrigation done on the terraces.

pump. He says the account is based on
the long-lost description by the Helle-
nistic mechanic Ctesibius. In A.D. 61 the
same twin-cylinder, hand-operated ma-
chine was described by Hero of Alexan-
dria as a device for fighting fires.

The Romans’ hydraulic engineering

Cc

pots (b), and the noria (c), which was a water-drivendevice. The origin
of these devices and most other early hydraulic machines is obscure.



presents us with a marked and intriguing
contrast. Their civil engineering reper-
toire was vast and was applied on a lav-
ish scale. Their commitment to con-
struction, with all it implies in terms of
materials, manpower, time and money,
is impressive by any standard. On the
other hand, their mechanical technolo-
gy was only marginally developed.

At the end of the first century B.C. the
Romans knew how to use water power,
yet as far as one can tell they chose
not to, at least not to any extent and
then only at a late date. To modern eyes
this apparent oversight is puzzling, and
many attempts have been made to ex-
plain it. Probably the explanation is ulti-
mately to be sought in attitudes toward
and expectations from technology that
are fundamentally different from our
own. In short, Roman society simply
could not grasp the concept of a power
technology, did not think in terms of la-
borsaving machines and, because of the
nature of the ancient economy, had no
use for mechanized production. It is
well to remember that in order to prop-
erly comprehend and objectively evalu-
ate any part of ancient technology one
must treat it in its context, being willing
to come to terms with the attitudes and
objectives of the time and resisting the
urge to impose modern ones.

he Roman system of water supply

stands as one of the great engineer-
ing achievements in antiquity. With the
decline of the empire both the adminis-
trative authority needed to develop and
maintain such systems and the very con-
cept of public works were lost. It was to
be a long time before the Roman ap-
proach could be taken again.

Even when in the 16th and 17th centu-
ries a few European cities tried to obtain
more water, they resorted to a different
approach. Toledo, which had once been
served by a fine Roman aqueduct, even-
tually failed in its efforts to pump the
River Tagus. Paris succeeded in pump-
ing the Seine and London the Thames,
but neither river in the end could sup-
ply enough water through mechanical
means. Moreover, the water was quite
inferior in quality when it was not ac-
tually lethal. Mechanical engineering
was not the answer. Only London’s New
River, an open channel built in 1613
to bring water from a stream 40 miles
away, represented a solution in the Ro-
man style.

A century or so ago urban popula-
tions were growing at an unprecedent-
ed rate, notably in Britain. Outbreaks
of cholera, particularly in London, fo-
cused attention swiftly and sharply on
the most critical of all Victorian urban
problems: the need to supply water on a
scale and of a purity rarely contemplat-
ed and never realized for 1,500 years.
The solution was to resurrect the entire
apparatus of the water-supply technolo-
gy of the Romans.

MATERIALS
RESEARCH

ENTER .
REPORTS... ... On Making

Brittle Bonding
Metals Ductile.

The nickel-based alloys used for brazing stainless steel are
normally extremely brittle. This brittleness makes it impractical
to manufacture these alloys as thin foils, although foils are the
most convenient form for brazing. As a result the nickel-based
alloys have been available only as powders.

At the Materials Research Center, Dr. N. DeCristofaro has
succeeded in producing nickel-based brazing alloys in the form
of flexible foils by rapidly quenching them to the glassy state. In
the foil form the alloys can be bent to conform to complex joint
geometries, or punched to precise shapes. This avoids the
difficulties associated with delivering powdered metals to joints
that are to be brazed.

The new glassy brazing foils are currently being tested for
use in the aerospace, automotive and chemical processing
industries. Their unique properties and simple structures are
helping to transform the art of brazing into a science.

Allied Chemical Corporation ; Materials Research Center
P.O. Box 1021R, Morristown, New Jersey 07960.
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What plumes of smoke tell about

the structure of the atmosphere

by Jearl Walker

lumes of smoke in the air can be
Pboth interesting and instructive to

watch. Much can be learned from
them about how the temperature of the
atmosphere varies with height. Smoke
plumes can assume a large variety of
shapes, which are determined mainly by
the variation in the temperature of the
air between the ground and some point
higher than the smokestack.

There are two basic types of smoke
plume: the momentum jet, in which the
upward thrust of the plume is due to
its initial momentum, and the buoyant
plume, which rises or falls according to
the relation between its temperature and
the air temperature. On a windless day
both types of plume rise in a spreading
vertical cone whose apex is near the top

of the smokestack (provided, in the case
of the buoyant plume, that the gas in the
plume is hot enough). In the cones of
both types of plume the velocity is high-
est at the central axis of the cone and
tapers off toward the outside.

One difference can be noted between
the two types of plume: a pure momen-
tum jet has an apex angle of about 24
degrees and a pure buoyant jet has an
apex angle of about 18 degrees. I can
find no simple or straightforward expla-
nation of this difference. The numbers
apparently come from field observa-
tions of many plumes. By photograph-
ing a vertical plume on a windless day
and then measuring the angle of the
cone in the photograph you should be
able to determine which kind of plume it

A smoke plume of the roll-vortex type
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is. If the angle is smaller than 18 degrees,
vertical updrafts near the chimney stack
must have forced the plume upward
faster and thereby decreased the angle
of its cone.

A plume is buoyant (and therefore ris-
es) if it is warmer than the air at the same
height, but other effects are involved.
Since atmospheric pressure decreases
with height, a parcel of gas in the plume
must expand if it is initially forced up-
ward. The energy for the expansion
comes from the energy of the molecules
in the parcel rather than from some heat
source outside it. This internal energy is
the kinetic energy of the molecules as
they randomly move about.

The temperature of the gas is a mea-
sure of its internal energy: the higher the
temperature, the greater the kinetic en-
ergy of the molecules. If some of the
energy goes toward expanding the vol-
ume, the temperature of the gas must
decrease. Such a temperature change,
which involves no exchange of heat with
the environment, is said to be adiabatic.
Thus a rising parcel of gas in a smoke
plume expands and adiabatically cools.
Similarly, if the parcel of gas in a plume
is initially forced downward, it contracts
and adiabatically warms as the outside
air works on it.

In rising gas the continuation of buoy-
ancy depends on how fast the tempera-
ture of the ambient air changes with
height. For example, if the rising plume
gas is cooled but remains warmer than
the ambient air, it continues to be buoy-
ant and accelerates upward. On the oth-
er hand, if the rising plume gas becomes
cooler than the ambient air, it ceases to
rise and subsequently sinks. If the tem-
peratures match, the plume rises at a
constant velocity.

When the gas initially moves down-
ward, it warms adiabatically but its tem-
perature can be above, below or the
same as the temperature of the sur-
rounding air at the new height, depend-
ing on how the air temperature changes
with height. If the gas is then warmer
than the air temperature, its descent
stops. If it is cooler, its descent continues
at an accelerated rate. If the tempera-
tures are the same, the descent contin-
ues at a constant velocity. Many of the
plume characteristics you will observe
depend on this interplay of buoyancy
and the rates of cooling and warming
and hence on how the temperature of
the atmosphere changes with height.

Whether a parcel of gas in a smoke
plume moves up or down, it changes
temperature adiabatically at the rate of
about one degree Celsius for each 100-
meter change in height. This rate is
called the dry-adiabatic lapse rate, the
word dry indicating that no condensa-
tion is involved. Depending on weather
conditions and environmental sources
of heat, the temperature profile of the
atmosphere may decrease with height
more or less rapidly or even at the same
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Author Verne Grant, a major contributor to the modern
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rather than details, on fundamentals rather than current
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of facts’” The emphasis throughout the text is on evolution
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molecular evolution or mathematical modeling.
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rate as the dry-adiabatic lapse rate.
Each of these types of change is an ex-
ample of a negative lapse rate for the
air, because the air temperature in each
case decreases with height. Occasional-
ly, however, the air temperature increas-
es with height, the condition termed a
temperature inversion. Then the air has
a positive lapse rate.

If the gas is wet, the lapse rate may
change. The reason is that as the gas
cools, its relative humidity increases; af-
ter 100 percent humidity is reached fur-
ther cooling causes some of the water
vapor to condense out as small drops.
This change in state from vapor to lig-
uid releases energy and prevents a rising
parcel of gas from cooling as quickly as
it would otherwise. In other words, part
of the energy needed for expanding the
gas now comes from the change in state
of the water, and less energy is taken
from the internal energy of the gas. The
resulting rate at which a rising parcel
of gas changes temperature with height
is called the saturation-adiabatic lapse
rate. When wet gases rise, they cool at
the dry-adiabatic lapse rate until con-
densation begins, and thereafter they
cool at the saturation-adiabatic lapse
rate. This variation in cooling rates af-
fects wet plumes of the kind emitted by
power plants, since the plumes do not

Air femperature

cool as rapidly while rising as a dry
plume would.

It is possible for a plume to emerge as
a momentum jet, diffuse somewhat and
then behave primarily as a buoyant
plume. Another type of plume that
forms on calm days is strange to me. If
the initial velocity of the emerging gases
is small, which can happen when a home
chimney has too large an opening at the
top, the plume does not initially expand
in a cone. Instead it converges until the
upward velocity increases enough for
the plume to expand thereafter as a nor-
mal buoyant plume.

You can see a similar but inverted ex-
ample of this convergence in your kitch-
en sink. The stream of water from the
faucet falls, speeds up and becomes
narrower. The narrowing is not due to
air pressure, which remains the same
throughout the fall. To make sense of it
consider a cross section through the
stream near the faucet and another one
farther down. A certain amount of mass
is passing through the upper cross sec-
tion every second. The same amount
must also be passing through the lower
cross section every second, otherwise
mass would be magically appearing or
disappearing between the two levels.
Since the speed through the lower sec-
tion is higher, less cross-sectional area is

Dry-adiabatic lapse rafe
\
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S \
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W= Cooler gas parcel is
still warmer than air
at same height.
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needed by the water in order for the
same amount of mass to pass through
the area every second. The stream is
therefore narrower.

The hot gases leaving a stack at a low
speed cannot initially expand the way a
normal buoyant plume does because the
typical cone shape requires a certain ra-
tio between the velocity and the buoyan-
cy. As a result the gases first rise as a
stream, accelerating upward because of
their buoyancy and contracting in width
as the speed increases. Eventually they
are moving fast enough to achieve the
required ratio, and then the plume can
expand in a cone. You might like to
search for converging plumes on wind-
less days above house chimneys or hot
bonfires.

The prettiest buoyant plumes are seen
during steady light winds that bend the
plumes over. Whether they then rise, de-
scend, spread up and down, remain thin
or loop depends on how the air tempera-
ture varies with height and on the extent
of the turbulence in the region. The il-
lustration on page 168 displays a variety
of plume characteristics, together with
the approximate atmospheric tempera-
ture profile required for each character-
istic. The dry-adiabatic lapse rate is also
shown, but that line can be shifted to
the left or the right. The line indicates
the rate at which a parcel of plume
gas changes temperature as it changes
height. Before the line could represent
the temperature of the gas as a function
of height the gas temperature at some
particular height (say the chimney top)
would have to be known. The line could
then be moved to the left or the right to
give that temperature at that height.

If the air temperature decreases with
height somewhat less rapidly than the
dry-adiabatic lapse rate, the bent-over
plume is limited in its rise and fall. An
ascent would adiabatically cool the gas,
with the result that the ascent would
eventually halt. A descent would adia-
batically warm the gas, bringing the de-
scent to a halt. The temperature profile
is close enough to the adiabatic lapse
rate, however, for diffusion to gradually
spread the plume and produce what is
called coning.

When instead the temperature profile
decreases much faster than the dry-adia-
batic lapse rate (such a profile is called a
superadiabatic lapse rate), heat from the
chimney stack or the ground can gener-
ate thermal eddies large enough to catch
the plume and make it loop up and
down. This condition occurs on warm
days when the ground quickly absorbs a
lot of solar heat before the air circula-
tion can remove it. Looping never oc-
curs when there is a strong wind to cool
the ground or when there is a layer of
snow on it.

If the air-temperature profile has a
positive lapse rate, that is, if it increases
with height in an inversion, the plume is
limited to a relatively thin streaming

called fanning. When part of it attempts
to rise, it adiabatically cools and be-
comes considerably cooler than the am-
bient air, so that the ascent quickly
stops. Similarly, if part of the plume at-
tempts to descend, it warms adiabatical-
ly, becomes warmer than the ambient
air and quickly stops descending.

Lofting is what happens when a tem-
perature inversion below the top of the
stack limits downward movement. This
type of temperature profile is usually
found in the evening, when the ground
and the lower part of the atmosphere
have begun to cool as the sun disappears
but the part of the atmosphere near the
stack top is still relatively warm.

Fumigation is the term for what hap-
pens when positive and negative lapse
rates exist simultaneously, with an in-
version above the region where the lapse
rate is negative. The inversion prevents
the plume from diffusing upward, and
the warming near the ground generates
a turbulent mixing that brings the plume
to ground level. This situation typically
occurs in the morning as the ground and
the lower air begin to warm.

A similar temperature profile, but one
that has a less steep lapse rate near
the ground, creates a trapping of the
plume between the inversion level and
the ground. The plume diffuses to the
ground without the aid of large-scale
turbulent mixing from warm ground.

Plumes emitted in an otherwise con-
ing or lofting situation might be hot
enough to burst upward in thermals:
blobs of hot air traveling upward in
doughnut form with a strong upward
motion in the center and a weaker down-
ward motion on the outside. Such cur-
rents, found over well-heated ground or
over factories, are used by glider pilots
to gain lift.

The shape of the plume in each of
these basic cases can be altered if the
plume is initially released from the stack
with a large momentum. For example, if
the elevated inversion layer in fumiga-
tion or trapping is relatively shallow, a
plume with enough momentum may be
able to penetrate the layer instead of be-
ing confined below it. Some localities
have frequent or persistent inversion
layers, and chimneys there are often de-
signed to give the escaping gas enough
momentum to make the plume puncture
the inversion before the plume levels
off. In this way the pollution at ground
level is considerably reduced.

The shapes taken on by wet plumes
may be somewhat different from those
of dry ones because the adiabatic lapse
rate is less steep once water begins to
condense in the plume. Some plumes,
such as those emanating from power
plants, are visible because water con-
denses out almost immediately to pro-
duce a white stream. The mixing of the
plume with the surrounding air quickly
leads to evaporation, however, so that
the visible part of the plume is short.
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UNIVERSITY OF PETROLEUM
AND MINERALS

DHAHRAN, SAUDI ARABIA

The Department of Physics will have faculty positions
open from September, 1978. Physicists with PhD degrees
interested in teaching and developing laboratories
for MSc Program in Physics are sought.

Facilities available are IBM 370/158, PDP 11's, Mossbauer Spec-
trometer, Neutron Generator, Nitrogen and Helium Liquifiers,
X-Ray Spectrometer, GCA/McPherson ESCA-36, Varian FC 12E
UHV Chamber with Leed, Auger and Photoemission Capabilities,
Varian 3117 Sputtering equipment and SPEX Industries laser
Raman Spectrometer.

Rank and salary open. Attractive allowances. Candidates please
send complete resume to the following address:

Dean of Faculty and Personnel Affairs
University of Petroleum and Minerals
P.O. Box 144
Dhahran
Saudi Arabia
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Sometimes the gas rising through a stack
is washed with a spray of water to re-
move the pollutants. The plume then
emerges with water already in the liquid
state. When the water evaporates as the
plume mixes with the air, the plume is
cooled by the energy it loses to the evap-
oration. (When water evaporates from
your skin as you stand in a breeze, you
feel cool because your body heat pro-
vides the energy to change the water
from liquid to vapor.) As a result this
rapidly cooled plume will drop, proba-
bly reaching the ground near the stack.

If you watch and photograph plumes
for an entire day, you will find them
going through several changes as the
ground warms and then cools off. In the
early morning the ground and the lower
atmosphere are cool and fanning or loft-
ing plumes are likely. As the ground ab-
sorbs solar energy it and the lower level
of air get warmer, which initiates turbu-
lence. This warm and turbulent blanket
gradually thickens and fumigation or
trapping develops. Both effects bring the
plume down to ground level. Later, as
the upper air gets warm, the plumes may
develop coning, thermaling or (if the
ground heating is strong) looping. Late
in the afternoon the intensity of the sun-
shine diminishes and the ground and the
lower air begin to cool by radiation; then
coning may develop in all the plumes. In
the evening the lower part of the atmo-
sphere develops an inversion because of
the radiative cooling of the ground, and
the plumes begin to fan or loft again.

You may be in a position to watch
several stacks of different heights simul-
taneously. In Cleveland I can see at least
a dozen such stacks in a shallow valley.
By standing on the rim of the valley I
can compare the kinds of behavior ex-
hibited by the plumes. With an appro-
priate distribution of temperature the
plumes emitted by the taller stacks can
differ from the ones emitted by the
shorter stacks because the two sets of
plumes are in different parts of the at-
mospheric temperature profile. For ex-
ample, tall stacks can emit into a region
with a negative lapse rate and show loft-
ing even as shorter stacks emit into
an inversion and show fanning. With
enough stack heights you can estimate
where the change from a positive to a
negative lapse rate comes. On days
when there is an elevated shallow inver-
sion you might see some plumes punc-
ture the inversion while others are held
below it.

Occasionally a plume clings to its
smokestack. Sometimes the reason is
that in the wind the stack sheds vortexes,
which then force the plume initially
downward along the stack. At other
times a downwash results from the loca-
tion of the stack with respect to build-
ings and hills. For example, if the stack
is on the leeward side of a large obstacle,
the wind is forced upward by the obsta-
cle and then flows downward on the oth-



Normal
buoyant plume

Smoke
moves faster

Smoke
moves slowly

A converging buoyant plume

er side, thereby forcing the plume down-
ward too. On the other hand, if the stack
is on the windward side, the plume is
likely to be lifted by the upward flow of
the wind.

If the chimney opening is too large for
the amount of gas it is discharging and
the discharge is rather slow, you might
find the chimney puffing. One moment
it emits gas and smoke in the normal
manner; the next moment the cold out-
side air flows into the chimney along
the upwind side, temporarily cutting off
the discharge. Eventually the hot gases
build up and push their way out of the
chimney again, producing another visi-
ble puff of smoke before the process is
repeated.

If a stack discharges a buoyant plume
that does not undergo much turbulent
mixing, the plume almost immediately
bifurcates. The velocity is greater in the
center of the discharging plume than it is
on the outside, forcing the plume to cir-
culate in two roll vortexes with an up-
ward motion in the middle of the bent-
over plume and a downward motion on
the outside. The resulting two roll vor-
texes split the plume. If you can get near
a buoyant plume on a day with a steady
nonturbulent wind, stand below the
plume and look up into it. The rolling
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THE NATURE OF OPTICAL EXCELLENCE

Some recent letters from Questar owners,
commenting on the superb optical quality of
their instruments, started us thinking again
about the optical miracle that is folded into this
8-inch long barrel and its attached control box,
beginning with a 50-inch ray path. Consider for
a moment the tolerances required to bring all
views—the built-in finder, high-power and
nearly doubling-power Barlow lens view—to
focus, and to deliver them to the same eyepiece
with just the turn of a knob. The eyepiece then
acquires the equivalence of three powers: a 16-
mm. eyepiece, for example, delivers 8 X, 80X,
and 130X, depending on the system it is
receiving.

Consider, further, that these views are pos-
sible at various distances, from infinity down to
10 feet, also with the turn of a knob. Further-
more, the main focus of the telescope's image
can be moved axially rearward, if desired, to an
attached camera, which can remain in position
even while you are observing visually. Actual
image size and focal length increase with the
distance rearward that is chosen as the focal
point, by Questar's internal focusing. There is
no fixed focal point—it is flexible; you bring the
rays to focus where desired.

These are amazing features, indeed, due en-
tirely to the inventive skill that went into the
original design of this compact instrument. And
yet they do not tell the whole story of the optical
perfection that has given Questar its worldwide

reputation. For what we are really talking about,
when we talk about Questar quality, is the re-
solving power that theory demands and which
is delivered in every Questar that leaves our
hands.

Theory says that a telescope must deliver a
perfect diffraction pattern when tested on a star
image. This is the ultimate test, and only the per-
fect set of optics will show at focal point a tiny,
hard, round disk, containing 84 % of the avail-
able light, surrounded by a narrow, bright, hard
ring and then a second ring, faintly visible. In
our Questar booklet we show such a disk with a
quotation from the late Dr. C. E. K. Mees, direc-
tor of the Eastman Kodak Research Laboratories,
who said that the Questar telescope had the fin-
est diffraction image he had ever seen outside
the textbooks.

Few telescopes at any price are mounted so
adequately and elegantly as the easily portable
Questar. The basic concepts of building in and
merging accessories with the telescope are gen-
vine advances that have won for Questar more
patent awards than any other telescope of rec-
ord. They materially assist the observer by re-
moving the aggravations and distractions at-
tendant on anything less than a telescope of
observatory quality. They leave him free to con-
centrate on seeing near the limit of his vision
and to improve his observing skill through the
enjoyment of his Questar.

© Questar Corporation 1978
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vortex motion is likely to be quite appar-
ent as you watch the plume emerge and
move downwind. You may even be able
to see the sky between the two streams.

To make a serious study of plume be-
havior you should try to correlate the
mixing of a plume downward to the
ground with the way the plume is blow-
ing and with the ground conditions be-
low it. For example, a stack may emit a
plume that fans for as long as it remains
over ground that is relatively cool and
has few obstacles to create large-scale
turbulence. If the fanning plume passes
over a body of water, the chances are
that the water and the lower air will be
warmer than the ground. The turbu-
lence associated with the warmer water
and air gives rise to fumigation, which
brings the smoke down to the water lev-
el. I have seen stacks in Cleveland emit
thin brown plumes that were blown out
over Lake Erie, where fumigation set in
and the brown material was mixed down
to the water level.

Fumigation may also develop from
fanning if the plume passes over artifi-
cial heat sources such as the inner city.
There the heat mixes the air up to a level
about three times the height of the aver-
age building. If you can find a plume
that remains visible for a great distance,
you might be able to see the transi-
tion from fanning to fumigation as the
plume passes over either a natural or an
artificial heat source.

The local terrain may affect plumes in
other ways. A narrow valley may aid in
holding a plume near the ground if a
thermal inversion develops above the
cool air trapped in the valley. Any
plume created below the inversion
would then be unable to penetrate the
inversion layer and escape unless it
had a high enough exit momentum to
achieve the penetration while still be-
having as a momentum jet.

Such trapping of noxious plumes in a
valley has led to some disasters. An in-
version developed over the Meuse val-
ley of Belgium in December, 1930,
holding in the valley the emissions of the
steel mills and chemical plants. In three
days 60 people died, most of them prob-
ably of respiratory failure, and thou-
sands became seriously ill. It is hard to
believe that the authorities, instead of
halting the emissions, laid the tenfold
increase in deaths to some strange and
unknown disease, one biologist even
contending that the cause was plague.
Although some time later industrial pol-
lution was blamed, apparently little was
done about it. In September, 1972, the
valley once again suffered a thermal in-
version and a trapping of pollution,
which again led to much illness (but no
deaths).

The famous fogs that once character-
ized London resulted from the heavy
use of coal, both in factories and in
homes, which poured tons of sulfur di-
oxide into the air daily. As water con-



On Photographing the Invisible

o the naked eye, it was a Swedish

80-ore postage stamp. A rarity, and
very valuable.

The camera, however, told quite
another story. The stamp was a coun-
terfeit.

Fainttracesof tampering that were
hidden to the naked eye were revealed
by the camera. Someone, somewhere,
had ingeniously altered the stamp by
chemically removing a surprint. The
stamp was worthless.

N

To the naked eye (left), the
stamp was genuine. To the cam-
era (right), it was a counterfeit.
Note the faint, dark traces of
tampering now revealed in the
upper section.

What manner of exotic camera
was this that could “see” the invisible?

The lens: one of the 20 in the
Hasselblad arsenal, the 105mm Zeiss
UV-Sonnar f4.3. Designed for pho-
tography within the ultraviolet portion
of the electromagnetic spectrum, its
costly quartz elements can detect
radiations that are unseeable by the
human eye.

It has peered at objects in outer
space, examined forgeries, laid bare
the secrets of counterfeit money. Not
a lens for everyone, obviously, but an
indication of just how awesomely com-
prehensive the Hasselblad System is.

The camera: an otherwise per-

fectly standard Hasselblad 500C/M,

normally fitted with an 80mm Zeiss
Planar 2.8 multi-coated lens.

This is the basic model that allows
you to tap into the vast Hasselblad
System. It is one of the most bewilder-
ingly versatile cameras the world has
everknown. Yet so marvelously simple
to operate that it often plays the part
of the family snapshot camera.

A True System.

The Hasselblad System is a prodigious
array of 4 cameras, 20 lenses, 8 view-
finders, 9 film magazines, and over
300 other accessories. Choose the right
pieces, and your 500C/M would be
equipped for sports, aerial, architec-
tural, and fashion photography.

And portrait, landscape, medical,
underwater, and news photography.

And wildlife, laboratory, indus-
trial, and child photography.

And you would always have the
right film in the camera at the right
time. You can shift from color to
black-and-white and back again to
color—and resume shooting at pre-
cisely the right frame —by popping in
the protective dark slide and switch-
ing film backs.

The Camera with Nine Backs.

There is a small button on the film
back of every Hasselblad 500C/M.
Slide it sideways with your thumb and
the back will come away in your hand.

The standard back holds 12 ex-
posures. Each frame of film is 2%
inches square, almost four times the
area of a35mm frame.(See box,below
right, for actual size.)

This 1s only the beginning. There
are eight other backs available: Backs
that let you change to a 6 x 4.5cm for-
mat...or a 4.5 x 4.5cm superslide
format for showing in any 35mm
projector. Backs that give you a choice
of 1, 12, 16, 24, 70, or 500 exposures.
A back that is a sheet-film adapter.

© 1978 SCIENTIFIC AMERICAN, INC

Even two backs for Polaroid film, so
you can check composition, lighting,
and exposure ahead of time.

You begin to realize why eight out
of ten top commercial photographers
surveyed name Hasselblad as the
medium-format camera used in their
work.

Retained Value vs.

Obsolescence.
In an age when machines spew out
cameras in the tens and hundreds of
thousands, when flashy new models
thrust last year's marvels into early
obsolescence, Hasselblad goes its own
way.

Planned obsolescence is taboo at
Hasselblad. All but two of the acces-
sories for the 500C/M will fit every
Hasselblad made since 1957 (except
the Super Wide C)...and will fit every
future Hasselblad.

The greater part of a year is spent
on building each camera, much of it
crafted by hand. And fully one quarter
of the work force devotes its time to
nothing but quality control.

Little wonder, then, that a pre-
owned Hasselblad commands such a
high price...if its owner can be per-
suaded to part with it at all.

HASSELBLAD

=
The Hasselblad 500C/M.

A lavish brochure is available free if you write:
Braun North America, Dept. SASH, 55
Cambridge Parkway, Cambridge, Mass. 02142.
Braun North America is a division of The
Gillette Company and exclusive marketer of
Hasselblad cameras in the U.S.
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densed on the particles, thick brown
fogs (“pea-soupers”) were created. In
December, 1952, as some 2,000 tons of
sulfur dioxide were thrown into the air
each day, a thermal inversion developed
over cooler ground air and held all the
factory and home plumes below the in-
version. In the absence of wind to blow
the material away the sulfur dioxide col-
lected over the city for four days and
nights, with the sky becoming first yel-
low, then brown and finally black. Some
4,000 people died as a direct result of
the pollution and another 8,000 who
died later were thought to have been
afflicted by the respiratory problems
brought about by the strong inversion.

If the day is too rainy for you to go
outside to watch chimney plumes, you
can stay indoors and examine the smoke
rising from a cigarette. The stream is
smooth and narrow near the burning tip;
several centimeters higher it breaks up
into swirls and the plume spreads out.
To see the transition you need either a
room with no air currents or a large ver-
tical glass tube open at both ends. When
the gases emerge from the burning tip,
they experience a buoyant force because
they are hotter than the room air. Be-
cause the initial velocity is relatively
small, however, the hot gases rise in a
smooth stream. After several centime-
ters, perhaps as many as 30, the upward
acceleration from the buoyancy has in-
creased the speed to the point where the
stream becomes unstable and begins to
break up into swirls.

Similar transitions from laminar to
turbulent flow occur in water moving
through pipes. If the water moves slowly
(what “slowly” means depends on the
radius of the pipe and the density and
viscosity of the water), it moves smooth-
ly. Each small parcel of water flows
along a line parallel to the pipe wall. At
a certain higher speed the flow becomes
unstable. Swirls develop, and each small
parcel of water follows an irregular
route along the pipe. You can make this
swirling apparent in a transparent pipe
by using dye tracers. In a cigarette
stream the smoke particles act as the
tracers.

If the cigarette is unfiltered, you may
notice a slow stream of smoke emerging
from the unlighted end. After they have
gone through the length of the cigarette,
the gases carrying the smoke have
cooled; they emerge at approximately
the temperature of the room air and
therefore have no buoyancy.

American Indians employed smoky
bonfire thermals to communicate over
considerable distances. In the book Nat-
ural Aerodynamics R. S. Scorer describes
how aborigines in Australia sent up
plumes as signs on a far larger scale. As
several people lifted a bonfire with long
poles, others threw on fresh brush. The
lifting increased the airflow through the
fire and thus the rate of burning, and the
brush produced thick smoke. By means



of a coordinated effort of the workers a
smoky thermal was sent upward. When
this procedure was followed in the
morning or evening temperature inver-
sion, the thermal would rise until its
temperature matched that of the ambi-
ent air, at which point the smoke dif-
fused horizontally to yield a pattern re-

Height —

sembling a huge mushroom. By careful-
ly judging how hot to make the fire with
the lifting, the workers could control the
height at which the horizontal spreading
took place. If the occasion was a partic-
ularly significant one, the workers ap-
parently were able to stack as many as
six mushrooms over the bonfire.

Elevated inversion layer

during the day

Maximum heith«\J

of heating
during the day

Night

Temperature —=

Daily variation of the air-temperature profile

A plume splitting into two roll vortexes
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HOME: Los Angeles, California
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PROFESSION: Photographer
HOBBIES: Archaeology, anthropology.

MOST MEMORABLE BOOK: “Mirrors, Messages,
Manifestations” by Minor White
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“New Guinea Notebook,” a photographic analysis
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QUOTE: “The problem of survival for tribal
groups and their cultures is a serious moral
challenge to us all. We must help them avoid being
needlessly absorbed by more progressive societies.”
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selfless work with tribal groups. bt Ll G
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